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ABSTRACT: Metal—organic frameworks (MOFs) are a family of (304 — MOF-5 --— HKUST1 —— ZIF.8
materials that have high porosity and structural tunability and hold > 100

great potential in various applications, many of which require a 50-25" oz
proper understanding of the thermal transport properties. <020 \ él 0.75 -

Molecular dynamics (MD) simulations play an important role in g . 5

characterizing the thermal transport properties of various materials. ~§ 0-157 = g

However, due to the complexity of the structures, it is difficult to C 0.104 g =

construct accurate empirical interatomic potentials for reliable MD g £ 0.001— — — . L
simulations of MOFs. To this end, we develop a set of accurate yet =~ 0.05- 10 105 stemllgn th ( ml)o 10
highly efficient machine-learned potentials for three typical MOFs, 0.00 Naeoooo Y o

including MOE-S, HKUST-1, and ZIF-8, using the neuroevolution o 1 2 3 4 5 6 7

potential approach as implemented in the GPUMD package, and Frequency (THz)

perform extensive MD simulations to study thermal transport in

the three MOFs. Although the lattice thermal conductivity values of the three MOFs are all predicted to be smaller than 1 W/(m K)
at room temperature, the phonon mean free paths (MFPs) are found to reach the sub-micrometer scale in the low-frequency region.
As a consequence, the apparent thermal conductivity only converges to the diffusive limit for micrometer single crystals, which
means that the thermal conductivity is heavily reduced in nanocrystalline MOFs. The sub-micrometer phonon MFPs are also found
to be correlated with a moderate temperature dependence of thermal conductivity between those in typical crystalline and
amorphous materials. Both the large phonon MFPs and the moderate temperature dependence of thermal conductivity
fundamentally change our understanding of thermal transport in MOFs.

KEYWORDS: metal—organic frameworks, thermal conductivity, phonon mean free paths, machine-learned potential,
molecular dynamics simulations

H INTRODUCTION imental techniques also enabled the measurement of the
thermal conductivity of a few typical MOFs in single-crystal

In the last two decades, due to their ultra-high porosity' and
form. For example, the thermal conductivity of single-crystal

structural tunability,2 metal—organic frameworks (MOFs) have

shown great potential in various applications, such as gas ZIF-8”’ was measured to be 0.64 + 0.09 W/(m K) using the
storage and separation,3 water harvesting,4 electronic devices, Raman-resistance temperature detector method.'” For
and heterogeneous catalysis.® Lattice thermal conductivity is a HKUST-1,” a value of 0.69 + 0.05 W/(m K) was determined
critical parameter for MOFs in the context of thermal energy based on the thermoreflectance method.""

conversion, thermal management, and thermal stability and has Computationally, molecular dynamics (MD) simulation has
attracted extensive experimental "' and theoretical*™*’ played an important role in calculating the lattice thermal
studies. conductivity and revealing the underlying mechanics for

It is generally difficult to produce large-scale single crystals thermal transport in MOFs. Both the equilibrium molecular
of MOFs, which then usually exist in the form of powders. The

small crystalline sizes present a great challenge for
experimentally measuring the thermal conductivity of MOF
crystals” because the contact thermal resistance between the
crystalline particles can introduce large systematic errors.
Despite this, single-crystalline MOF-5>% can be grown up to a
linear dimension of a couple of millimeters, and its thermal
conductivity has been measured to be 0.32 W/(m K)” using
the steady-state direct method. Recent advances in exper-

dynamics (EMD)>"** and the nonequilibrium molecular
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dynamics (NEMD) methods have been extensively used.
However, results from these two methods seem to be
conflicting. For example, a weak temperature dependence of
thermal conductivity in MOEF-S has been predicted using EMD
simulations, which was attributed to short phonon mean free
paths (MFPs) on the order of the lattice parameter.'”
Similarly, for ZIF-4 and ZIF-62, it has been suggested, based
on EMD simulations,””** that the phonon transport are
strongly localized with phonon MFPs less than 1.5 nm.
However, recent NEMD simulations suggested that the
thermal conductivity of MOEF-5 is actually not fully converged
even when the transport length exceeds 20 nm”**° and
phonons with MEPs larger than 100 nm exist in HKUST-1.”

The differences in the results could be partially attributed to
the different interatomic potentials used in different works, but
there are two other possible causes. On the one hand, the heat
current as implemented in the LamMmPs Ipackage34 used in most
of the previous EMD simulations'»'*""7>%***% was incorrect
for many-body potentials, which could lead to significantly
reduced thermal conductivity and phonon MFPs in systems
with low-dimensional features.*> On the other hand, it is often
assumed that a supercell with 2 X 2 X 2 conventional cells is
sufficient to obtain convergent results in EMD simula-
tions,' 7' *1719293% ywhich is not necessarily valid. It is
important to resolve the conflict between the EMD and the
NEMD methods and obtain a clear and consistent picture of
the phonon MFPs in MOFs because phonon MFPs determine
the variation of the apparent thermal conductivity with respect
to the sample length, which, in the context of MOFs, can be
the grain size of polycrystals or the linear size of the clusters in
MOF powders.

In this paper, we present a coherent understanding of the
phonon MFPs in MOFs by considering three typical MOFs,
including MOF-5,”* HKUST-1,°° and ZIF-8,”° as shown in
Figure 1. To this end, we construct accurate interatomic
potentials for these materials by training state-of-the-art
machine-learned potentials (MLPs) against quantum-mechan-
ical density functional theory (DFT) calculations. Recently,
MLPs have been successfully applied to study a variety of
properties of MOFs such as mechanical properties,”” phase
transition,®® and gas diffusion.*”*° Herein, we choose to use
the neuroevolution potential (NEP) approach*' ™ that has
been demonstrated to be highly efficient while being also
sufficiently accurate. Moreover, the NEP approach has been
implemented in the GPumD package,’* which has the correct
implementation of the heat current.”> We perform large-scale
MD simulations to study thermal transport, establishing a
coherent picture of thermal transport in MOFs by using three
MD methods, including the aforementioned EMD and NEMD
and a third one, namely, the homogeneous nonequilibrium
molecular dynamics (HNEMD) method.”® Our results show
that in all of the three MOFs, the phonon MFPs can reach the
sub-micrometer scale in the low-frequency region, which
indicates that the thermal conductivity will be significantly
reduced in polycrystals or powders with nanometer-scale grain
sizes.

B RESULTS AND DISCUSSION

Performance Evaluation of the NEP Models. We
employed an iterative approach to develop machine-learned
NEP models, as illustrated in Figure S1 (see Reference Data
Generation Section for details). The NEP models for all of the
three MOFs achieve very high accuracy, with root-mean-square
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Figure 1. (a) Primitive and (b) 2 X 2 X 2 conventional cells of MOF-
S (left), HKUST-1 (middle), and ZIF-8 (right). The primitive cells
contain 106, 156, and 138 atoms, and the 2 X 2 X 2 conventional ones
contain 3992, 4992, and 2208 atoms. MOF-5*° is formed by
connecting Zn,O clusters with 1,4-benzenedicarboxylate organic
linkers, resulting in a primitive cubic net topology. HKUST-1*°
features copper paddle wheel units connected by 1,3,5-benzene-
tricarboxylate organic linkers, creating a body-centered cubic net
topology. Lastly, ZIF-8*° comprises tetrahedral ZnN, nodes
connected by 2-methylimidazolate organic linkers, generating a
sodalite net topology. We use primitive cells to prepare the reference
data sets for training. For the calculation of thermal conductivity in
MD simulations, we employ conventional cells of various system sizes.
The oviTo package®® was used for visualization.

errors (RMSEs) of energy, force, and virial being less than 0.6
meV/atom, 60 meV/A, and S meV/atom, respectively, for
both the training and test data sets (see Figure S2 and Table
S1 for details). The zero-temperature lattice constants
predicted by the NEP models closely match those predicted
by DFT calculations, with a relative error being less than 0.1%
(see Table S2 for details).

To further evaluate the accuracy of the NEP models in MD
simulations, we compare the radial distribution functions and
angular distribution functions of the three MOFs at 300 K
calculated from the NEP models with those obtained from
DFT and a few representative existing force fields (see Figure
2). The selected force fields include MOE-FF,* UFF4MOF,*
and ReaxFF,”* which have been widely used in MD simulation
of the thermodynamics of MOE-5," HKUST-1, and ZIF-8."’

For radial distribution functions, we considered the most
important pairs at the metal-linker interfaces: Zn—0O in MOF-
S, Cu—0O in HKUST-1, and Zn—N in ZIF-8. Accordingly, we
considered the O—Zn—0, O—Cu—0, and N—Zn—N triplets
for the angular distribution functions. For both radial
distribution functions and angular distribution functions,
NEP achieves excellent agreement with DFT, while the
existing force fields exhibit varying degrees of discrepancies
compared to DFT. Among the three selected existing force
fields, MOF-FF achieves the highest accuracy, and the other
two are much less accurate. UFF4MOF predicts inaccurate
positions for some radial distribution function peaks and too
sharp peaks in the angular distribution functions, while ReaxFF
predicts a nonexisting peak in the radial distribution function
of MOEF-$ and too flat angular distribution function of ZIF-8.
The inaccuracies of ReaxFF in MD simulations of ZIFs have
also been highlighted elsewhere.*®

https://doi.org/10.1021/acsami.3c07770
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Figure 2. Typical radial distribution functions (labeled as RDF, left) and angular distribution functions (labeled as ADF, right) in (a, b) MOF-S, (c,
d) HKUST-1, and (e, f) ZIF-8 calculated using classical MD simulations at 300 K driven by DFT, NEP, UFF4MOF,***” MOF-FF,*™*° and
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Figure 3. Computational speeds of the NEP models as implemented in grump** (version 3.7, running with an Nvidia GeForce RTX 4090 GPU
card) and several existing force fields as implemented in Lammps”t (version 28 Mar 2023, running with 48 Intel Xeon Platinum 9242 CPU cores)
for the three MOFs. The benchmark was performed using a 5 X 5 X 5 supercell containing 53,000, 78,000, and 34,500 atoms for MOF-5, HKUST-

1, and ZIF-8, respectively.

Our NEP models not only achieve high accuracy but also
have high computational efficiency. As can be seen from Figure
3, the NEP models as implemented in grump ™ running with a
single Nvidia GeForce RTX 4090 GPU card are faster than all
of the existing force fields as implemented in Lavmps> running
with 48 Intel Xeon Platinum 9242 CPU cores. The MOF-FF
force field for MOF-5* is particularly slow because it evaluates
the Coulomb potential using the expensive Ewald summation.
Apart from this, the computational speed of MOF-FF is higher
than that of ReaxFF and lower than that of UFF4MOF.

36414

Thermal Transport in MOFs. After confirming the
reliability of our NEP models in MD simulations, we apply
them to calculate the thermal conductivity using the various
MD methods as reviewed in the Methods Section. In Figure 4,
we show the HNEMD and EMD results for the three MOFs at
300 K and zero pressure obtained by using a supercell with 5 X
S X 5 conventional cells. In both methods, the thermal
conductivity has converged with respect to the production or
correlation time. The results from the two methods are
consistent, as expected, based on their physical equivalence.*’
However, we note that even if the total production time we

https://doi.org/10.1021/acsami.3c07770
ACS Appl. Mater. Interfaces 2023, 15, 36412—36422
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Figure 4. Cumulative average of the thermal conductivity as calculated using the HNEMD method for (a) MOEF-5, (c) HKUST-1, and (d) ZIF-8 at
300 K. (b) Running thermal conductivity as calculated using the EMD method for MOF-S. The simulation cells contain 5 X S X S conventional
cells. In each panel, the middle line represents the average, and the other two represent the upper and lower bounds, as calculated from five

independent runs.

used for the EMD method for each system (S0 ns) is much
larger than that for the HNEMD method (10 ns), the latter
still has smaller statistical errors, which demonstrates the
superior computational efficiency of the HNEMD method.*

In both the HNEMD and the EMD methods, periodic
boundary conditions are applied in the three directions, and
the results are regarded as those for infinitely large systems.
However, this requires eliminating the finite-size effects by
using a sufficiently large supercell. While previous works often
assumed that a supercell with 2 X 2 X 2 conventional cells is
sufficient to obtain convergent results in EMD simula-
tions, 271417192036 oup results in Figure S show that for all
of the three MOFs, a supercell with 5 X S X S conventional
cells is required to converge the thermal conductivity. Note
that agreement between the HNEMD and the EMD methods

1.0
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T
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< z
0.4
- ® MOF-5, HNEMD & HKUST-1, HNEMD
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Figure S. Thermal conductivity k as a function of the number of
conventional cells 7 in one direction of a cubic supercell for the three
MOFs at 300 K from the HNEMD and EMD (for MOF-5 only)
simulations.
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for MOE-S is confirmed for all of the simulation domains up to
the 5§ X 5 X § supercell.

Several studies have predicted a weak temperature depend-
ence of the thermal conductivity of MOF-5'* and various ZIF
materials, such as ZIF-8,"*'? ZIF-4,>° and ZIF-62,” using a
small supercell in EMD simulations. With the small 2 X 2 X 2
supercell, we also obtained a weak temperature dependence of
the thermal conductivity of MOF-5, as shown in Figure 6 and
Table 1. Particularly, the thermal conductivity is almost
constant from 300 to 400 K. However, using the converged
S X § X § supercell, a notable temperature dependence of
~T7%6 is obtained. This again highlights the importance of

0.8
(DR $ MOF-55%x5x%x5
e $ MOF-5, 2 X 2 x 2
—0.67 T
_:¥ ~ T-06 ot )
=
2
X 0.4
0.2 T T T T T
200 250 300 350 400

Temperature (K)

Figure 6. Thermal conductivity k as a function of temperature for
MOFE-5 as obtained by using the S X 5 X 5 and 2 X 2 X 2 supercells.
The dashed line for the case of a S X 5 X 5 supercell indicates a
~T~%€ fitting, and the dashed line for the case of a 2 X 2 X 2 supercell
indicates that the thermal conductivity is a constant from 300 to 400
K.
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Table 1. Thermal Conductivities (in Units of W/(m K)) of
MOE-5 Calculated by Using the HNEMD Method with
Different Supercell Sizes at Different Temperatures®

supercells 200 K 250 K 300 K 350 K 400 K
2X2X2 0.38(4) 0.36(4) 0.31(2) 0.31(2) 0.31(2)
SXS5XS 0.76(1) 0.72(2) 0.62(1) 0.55(1) 0.51(2)

“The numbers within the parentheses are statistical uncertainties for
the last significant number.

using a sufficiently large supercell in EMD and HNEMD
simulations.

The calculated thermal conductivity values at 300 K using
the converged S X S X S supercell are listed in Table 2. Our

Table 2. Thermal Conductivities (in Units of W/(m K)) of
the Three MOFs Calculated by Using the HNEMD Method
and EMD Method (for MOF-$ Only) with Different
Supercell Sizes (the Number of Conventional Cells n in One
Direction of a Cubic Supercell) at 300 K*

EMD HNEMD
n MOE-§ MOE-§ HKUST-1 ZIF-8
2 0.30(1) 0.31(2) 0.60(3) 0.47(6)
3 0.46(2) 0.46(2) 0.78(4) 0.57(3)
4 0.54(2) 0.55(1) 0.86(2) 0.52(4)
5 0.61(2) 0.62(1) 0.89(2) 0.59(3)
6 0.64(1) 0.92(2) 0.59(3)

“The numbers within the parentheses are statistical uncertainties for
the last significant number.

predicted thermal conductivity of ZIF-8, 0.59 + 0.03 W/(m
K), closely matches with the experimentally measured value of
0.64 + 0.09 W/(m K)."” For HKUST-1, our predicted thermal
conductivity, 0.89 + 0.02 W/(m K), is only slightly larger than
the experimentally measured value of 0.69 + 0.05 W/(m K)."'
For these two MOFs, good agreement with experiments is
achieved for the first time. In the case of MOF-S, we predicted
a thermal conductivity of 0.62 + 0.01 W/(m K), which is
significantly higher than the experimentally measured value of
0.32 W/(m K).” This discrepancy is yet to be understood, and
we will discuss it further below.

The finite-size effects can be understood in terms of spectral
thermal conductivity, as shown in Figure 7. With a larger
simulation domain size, phonons with longer wavelengths
(smaller frequencies) are brought into existence, which
contribute significantly in the low-frequency region. Figure 7
shows that the contribution from phonons with w/27z < 1 THz
is significantly reduced when the small 2 X 2 X 2 supercell is
used. To understand this more quantitatively, we note that the
phonon group velocities for the acoustic branches are about 5
km/s, based on the spectral energy density shown in Figure 8.
Taking MOEF-5 as an example, the largest phonon wavelength
that can exist in a 2 X 2 X 2 supercell is about S nm, and the
frequency for it is about 1 THz. That is, phonons with
frequencies smaller than 1 THz are largely suppressed in this
supercell. With a 5 X 5 X 5 supercell, phonons with @/27 < 1
THz can be activated, and their contribution to the total
thermal conductivity is almost converged. In all three MOFs,
phonons with @/27 < 1 THz contribute about 50% to the total
thermal conductivity.

The large spectral thermal conductivities in the low-
frequency region are associated with the large phonon MFPs,

0.75—
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Figure 7. Spectral thermal conductivity k(@) as a function of phonon
frequency @/2x for (a) MOF-S, (b) HKUST-1, and (c) ZIF-8 at 300
K calculated by using different supercell sizes.

as shown in Figure 9. The maximum phonon MFPs for MOF-
S, HKUST-1, and ZIF-8 are 0.17, 0.28, and 0.16 um,
respectively. Due to the large MFPs, the apparent thermal
conductivity only saturates in the micrometer scale of system
length L, as shown in the inset of Figure 9. The slow
convergence of the thermal conductivity with respect to L for
HKUST-1 is further confirmed by independent NEMD
simulations.

Using a MOF-FF potential, Wieser et a observed that
the thermal conductivity of MOF-5 is not converged up to 20
nm in NEMD simulations, which is consistent with our results.
This means that the large phonon MFPs in MOFs are not
sensitive to the details of the interatomic potential. As we have
discussed above, the large phonon MFPs in the low-frequency
region mean that a 2 X 2 X 2 supercell is not sufficient to
obtain converged thermal conductivity in EMD simulations.
With this small supercell, our EMD prediction of 0.30(1) W/
(m K) is very close to the experimental value’ of 0.32 W/(m
K) as well as the previous EMD simulations.'” However, this
good agreement is most likely an accident, as the thermal
conductivity predicted by our EMD simulations with a § X § X
5 supercell is 0.61 + 0.02 W/(m K), which is about twice the
experimental value. A possible explanation of the discrepancy
between our predictions and the previous experiment’ is that
the measured samples might not be single crystals. According
to the length-scaling in the inset of Figure 9, the thermal
conductivity of MOEF-S is only about half of the converged
value when L is about 0.1 ym. We therefore speculate that the
experimental samples’ might be nanocrystals with a character-
istic size of 0.1 yum or contain defects that have been observed
to significantly reduce the thermal conductivity of MOFs."®
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Figure 8. Phonon spectral energy density of (a) MOF-S, (b)
HKUST-1, and (c) ZIF-8 at 300 K as a function of wave number in
the '=Z path and phonon frequency.

B SUMMARY AND CONCLUSIONS

In summary, we have developed a set of accurate and highly
efficient MLPs for three typical MOFs, including MOE-S,
HKUST-1, and ZIF-8, using the efficient NEP approach and
quantum-mechanical DFT calculations. For each MOF, the
NEP model accurately reproduces the radial distribution
function and angular distribution function as compared to
DEFT calculations, showing much higher accuracy than typical
empirical force fields. We have performed extensive MD
simulations with the NEP models to study thermal transport in
these MOFs. We have mainly used the HNEMD method but
have also used the EMD and NEMD methods for cross-
checking the consistency of the results.

We have carefully examined the finite-size effects in EMD
and HNEMD simulations for which previous works have not
paid sufficient attention. Contrary to the common assumption
that a supercell with 2 X 2 X 2 conventional cells is sufficient,
our results indicate that at least a S X § X S supercell is
required to achieve converged results. This is not only relevant
to the calculated thermal conductivity values at a specific
temperature but also crucial for obtaining the correct
temperature dependence of the thermal conductivity. Our
results suggest that the thermal conductivities of MOFs exhibit
a moderate temperature dependence of ~T~*¢, which is not as
strong as ~T~" in conventional crystals but is also not as weak
as ~T? in typical amorphous materials.

0304 —— MOF-5 ---- HKUST-1 —— ZIF-8

0.25 1

0.201

(um)

30.15-

0.104

0.05 A

0.00

w/2m (THZz)

Figure 9. Phonon MFP A(w) as a function of phonon frequency @/
27 for the three MOFs at 300 K. Inset: Apparent thermal conductivity
k(L) as a function of the transport length L for the three MOFs at 300
K as calculated from the HNEMD-based spectral decomposition
method (lines) and direct NEMD simulations (markers; for HKUST-
1 only).

With the converged simulation cell size, we have obtained
the spectral thermal conductivity within the HNEMD method
and found that phonons with frequency w/2z < 1 THz
contribute about half the total thermal conductivity. These
phonons have sub-micrometer MFPs, which can neither be
accessed by EMD simulations with a small supercell nor
NEMD simulations with short domain lengths, making them
largely undiscovered before.

Among the three MOFs we considered, HKUST-1 has the
largest thermal conductivity, while the other two have smaller
and comparable thermal conductivity. Our results for HKUST-
1 and ZIF-8 are in very good agreement with ex;periments,w’11
but the same has not been achieved for MOF-5.” More work is
needed to resolve this discrepancy.

Overall, we have obtained a clear picture of thermal
transport in MOFs. They typically have a thermal conductivity
smaller than 1 W/(m K), but there are THz-phonons with sub-
micrometer MFPs that contribute a significant portion of the
thermal conductivity and give rise to a strong length
dependence of the apparent thermal conductivity. Therefore,
the thermal conductivity in nanocrystals can be heavily
reduced compared to single crystals.

B METHODS

NEP Approach. In the NEP approach, a feedforward neural
network (NN) with a single hidden layer of N, neurons is used to
represent the site energy U; of atom i as a function of a descriptor
vector with Ny, components*'

Nieu Nies
U= Z wlsl) tanh[ Z W;(J?/)‘I;, - b,so)] A
p=1 v=1 (l)

where tanh(x) is the activation function, w® w® b©@ and M are
the trainable weight and bias parameters in the NN. The atomic
environment descriptor g, consists of a number of radial and angular
components similar to the Behler—Parrinello approach.”” The radial
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descriptor components (with a cutoff radius r~) only depend on atom-
pair distances and are constructed based on Chebyshev polynomials.
The angular descriptor components (with a cutoff radius %) also
depend on angular information and are constructed based on
spherical harmonics similar to the atomic cluster expansion
approach.’® A NEP model is trained using the separable natural
evolution strategy (SNES)> by minimizing a loss function that is
defined as a weighted sum of the RMSEs of energy, force, and virial as
well as terms serving as /; and /, regularization. For more details of the
NEP approach, we refer to the literature.*' ~*

There are a number of important hyperparameters in the NEP
approach that need to be carefully chosen. Based on previous
publications” ™" and our extensive tests, we reached a set of
optimized hyperparameters for the three MOFs. For all three MOFs,
we used the same hyperparameters except for the cutoff radius of the
angular descriptor components 7 that was set to 4 A for both MOF-$
and HKUST-1 but to 3 A for ZIF-8. The cutoff radius of the radial
descriptor components was set to a larger value of 6 A to incorporate
more neighbors. Both the radial and angular descriptor components
have radial functions. For the radial descriptor components, we used
13 radial functions, each being a linear combination of 13 Chebyshev
polynomials. For the angular descriptor components, we used 9 radial
functions, each being a linear combination of 9 Chebyshev
polynomials. For the angular descriptor components, we used both
three-body and four-body correlations up to degree I = 4 and [ = 2,
respectively, in the spherical harmonics Yy,,. The number of neurons
in the hidden layer was chosen to be N, = 80, which is large enough
to achieve a high accuracy.

Reference Data Generation. We employed an iterative scheme,
as shown in Figure SI, to construct the training data for the NEP
model of each material. While a more sophisticated method is needed
for complex materials with very large primitive cells,” it is feasible to
generate the training data using the primitive cells in our case. Starting
from the optimized structure of the primitive cell of a given material,
we performed constant-volume DFT-driven MD simulations with the
target temperature linearly increasing from 10 to 800 K within 10 ps
(10,000 steps) and sampled S60 structures. We also generated 100
structures by applying random cell deformations (—3 to 3%) and
atomic displacements (within 0.1 A) starting from the optimized
structure. We performed more accurate DFT calculations (see below)
for the 660 structures and obtained the initial data set and trained the
first NEP model. Then, we performed NEP-driven MD simulations at
our intended thermodynamic conditions and selected 100 more
structures based on the farthest-point sampling by comparing the
distance of structures in two-dimensional (2D) principal component
(PC) space. We then trained the second NEP model based on the
expanded 760 structures. Another round of expansion was similarly
performed, and our final data set has 860 structures for each material.
We have used 90% for training and 10% for testing.

The DFT-MD simulations were conducted in the isothermal
(NVT) ensemble with an energy threshold of 107° eV, an energy
cutoff of 520 eV for the electronic self-consistent loop, and the I"
point was sampled in the Brillouin zone. To obtain the energy, force,
and virial data for NEP training, we performed DFT calculations using
the Perdew—Burke—Ernzerhof functional® and the projector-
augmented wave method®> implemented in Vienna Ab initio
Simulation Package.””** We sampled the Brillouin zone with a k-
point density of 0.2/A and used Gaussian smearing with a width of
0.05 eV. For the electronic self-consistent loop, we set a threshold of
1077 eV with an energy cutoff of 600 eV.

HNEMD Method and Spectral Conductivity in the Diffusive
Regime. The HNEMD method has been shown to be one of the
most efficient MD methods for obtaining diffusive thermal transport
properties.*> In HNEMD simulation of thermal conduction in solid,
an external driving force

Fiext — Few (2)

is added to each atom i to drive the system out of equilibrium. Here,
W, is the virial tensor of atom i, and F, is the driving force parameter,
which is of the dimension of inverse length. The driving force will

induce a net heat current J whose ensemble average (represented by
(++) below) is proportional to the driving force parameter

(](l> — ZK(lﬁFﬁ
w5 ()

where T is the system temperature, V is the system volume, and x* is
the afi-component of the thermal conductivity tensor. For explicit
expressions of the virial tensor and heat current vector applicable to
the NEP model, we refer to the literature.’>*"** In this paper, the
three MOFs have cubic symmetry, and without loss of generality, we
can focus on the diagonal component in the x direction, giving

K_xx — <]x>
TVE* (4)

The magnitude of the driving force parameter F, needs to be small
enough to keep the system within the linear-response regime but also
large enough to induce a sufficiently large signal-to-noise ratio. We
have tested that for all of the three MOFs, Fi = 2 X 107*/A is an
appropriate value for temperatures >300 K, while a slightly smaller
value of F¥f = 1.5 X 107*/A is more appropriate for lower
temperatures.

An appealing feature of the HNEMD method is that the thermal
conductivity can be spectrally decomposed*

xx __ © dw xx
= [ w) (s)

where

2

o) = VTE”
€

/m dte™ K (t)
oo (6)

Here, K*(t) is the x-component of the virial-velocity correlation
function

K(t) = ), (W(0)-n(t))
Zi: (7)

where v; is the velocity of atom i.

NEMD Method and Spectral Conductance in the Ballistic
Regime. With the HNEMD method alone, one can only access the
diffusive transport properties. To obtain a more complete description
of thermal transport from ballistic to diffusive, an established efficient
scheme* is to supplement HNEMD with NEMD simulations.

In our NEMD simulations, two local thermostats, i.e., heat source
and heat sink, at different temperatures, are used to generate a
nonequilibrium steady state with constant heat flux. The thermal
conductance G between the two thermostats separated by distance L
can be calculated as

]x
ATV (8)
where AT is the temperature difference between the heat source and
the heat sink. An effective thermal conductivity (also called apparent

thermal conductivity) K*(L) for the finite system with a transport
length of L can be defined as®

7
(AT/L)V 9)

k(L) = G*(L)L =

Similar to thermal conductivity, the thermal conductance can also be
spectrally decomposed

XX de XX
G (L)=f0 S26%(L, ) (10

where
2 S
G*(L, w =—/ dte'™ K*(¢
@, @) var ¢ ® (11)

The limit of zero transport length L — 0 corresponds to the ballistic
limit Gi*(w) = G*(L - 0, ), and one can define a spectrally

https://doi.org/10.1021/acsami.3c07770
ACS Appl. Mater. Interfaces 2023, 15, 36412—36422


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c07770/suppl_file/am3c07770_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c07770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

decomposed MFP as 1™(w) = «*(w)/G*(w). With the spectral
MEFP, we can obtain the spectral thermal conductivity with any
transport length

Kxx(w)

L @) = R )L (12)

and the integrated thermal conductivity
® dw
(L) = / e L,
( ) 0o 2w ( @) (13)

EMD Method. In the EMD method based on a Green—Kubo
relation,>"** the xx-component of the running thermal conductivity
can be expressed as an integral of the heat current auto-correlation
function

1

k) = ky T°V
B

t
JAELRORG)

0 (14)
where kg is Boltzmann’s constant and ¢ is the upper limit of the
correlation time.

Phonon Spectral Energy Density Calculations. We perform
the phonon spectral energy density®*®” calculations to examine the
phonon dispersion structures of MOFs. The phonon spectral energy
density is a function of wave vector (k) and frequency (@) and can be
calculated using the following formula in MD simulations

1 {xy,2} i
Ok, @) = —— m, X
4rrgN - 7 b

T N nx,y,z
f Doul it x exp
0 b

Myy,z

2

nx,y,z
ik-r — it |dt
0

(18)
where 7, is the total simulation time, N is the number of unit cells in
the crystal, b is the atom label in a given unit cell n, my, is the mass of
atom b in the unit cell, n,, . is the index number of unit cells along the

X)Z

n
«, y, and z directions, va( bx'y s t) denotes the velocity of atom b of

n
the n-th unit cell along the & direction at time ¢, and r( O’“’”) is the

equilibrium position of unit cell n.

Details of the MD Simulations. We used the Grump package
(version 3.7)* to perform all of the MD simulations. A time step of
0.5 fs was used with the velocity Verlet integration scheme, which has
been confirmed to be small enough. The time coupling parameter in
the thermostat and barostat are S0 fs and 500 fs, respectively. In all
HNEMD, EMD, and NEMD simulations, we calculated the statistical
error of the thermal conductivity as the standard error of the mean
values from five independent runs.

HNEMD Simulations. In HNEMD simulations, we first equili-
brated for 100 ps in the isothermal-isobaric (NpT) ensemble at a
given target temperature and zero pressure, followed by a 2 ns
production stage in the NVT ensemble. The NpT ensemble was
achieved by the Berendsen method.”® The NVT ensemble was
achieved by the Nose—Hoover chain thermostat.’” The external
driving force was added during the production stage.

Note that the HNEMD method does not involve a temperature
gradient, although there is nonzero macroscopic heat flux circulating
in the system. Therefore, the “temperature profile” is uniform in
HNEMD. According to the linear-response theory, the time needed
to reach a steady state in HNEMD is comparable to the correlation
time in the EMD method, which is of the order of 100 ps, as can be
seen from Figure 4b. Each HNEMD simulation was carried up to
20,000 ps, and the thermal conductivity was sampled well within
steady states.

NEMD Simulations. In NEMD simulations, the system was only
periodic in the lateral directions, and the two ends in the transport
direction were fixed. Next to one fixed end, a heat source region with
a temperature of 325 K was created by applying a Langevin

thermostat’*’® and a heat sink region with a temperature of 275 K was

similarly created next to the other fixed end. The thermostated
regions contain two conventional cells in the transport direction,
which are sufficiently long to avoid artifacts.”® After an equilibration
similar to the HNEMD simulation, the NEMD simulation with the
two local Langevin thermostats was performed for 1 ns. All of the
simulated samples have S X S conventional cells in the lateral
directions, and the lengths in the transport direction are varied to
explore different transport regimes.

EMD Simulations. In EMD simulations, after an equilibration
similar to the HNEMD simulation, a production run in the micro-
canonical (NVE) ensemble was performed for 10 ns. We relied on
human inspection for estimating the convergence of the Green—Kubo
integral. For all three MOFs, the Green—Kubo integral has fully
converged up to a correlation time of 80 ps [see Figure 4b]. We have
used the k(t) values from 80 to 100 ps to calculate a mean value for
each independent run.

Phonon Spectral Energy Density Calculations. For the phonon
spectral energy density calculations, we used a 1 X 1 X 60 supercell
for each MOF. All systems were first relaxed in the NVT ensemble for
0.5 ns, followed by a 0.75 ns production stage in the NVE ensemble.
The velocities and positions of all atoms during the final 0.5 ns were
collected to calculate the spectral energy density.

B ASSOCIATED CONTENT

Data Availability Statement

The source code and documentation for gpumd are available at
https://github.com/brucefan1983/GPUMD and https://
gpumd.org, respectively. The source code for spectral energy
density calculations is available at https://github.com/
Tingliangstu/pySED. The training and testing results for the
NEP models are freely available at https://gitlab.com/
brucefan1983/nep-data. Representative input and output files
for thermal conductivity calculations are freely available at
https://github.com/hityingph/supporting-info.
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