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ARTICLE INFO ABSTRACT

Keywords: Metal-organic frameworks (MOFs) are promising porous materials for various applications, which have attracted
MOFs considerable attention recently. Optimizing their thermal properties, such as their heat accumulation charac-
Molecular dynamics teristics during the adsorption of fluid molecules, is crucial for enhancing their performance. Molecular dynamics
?ﬁ:;nzr;ni:rductivity studies are vital for meticulously understanding the thermal transport of MOFs. To determine the thermal
conductivity of MOFs using the Green-Kubo formula through equilibrium molecular dynamics (EMD), the heat
current autocorrelation function (HCACF) must be truncated at a specific time. However, few studies have been
conducted on establishing a method for truncating HCACFs for MOFs, rendering it challenging to assess the
reliability of MOF thermal conductivities calculated through EMD. In addition, previous studies focused on the
overall thermal conductivity, and the contribution of the components have not been identified. In this study, we
devised a method for determining the truncation time of an HCACF to calculate the thermal conductivity of
MOFs. After confirming the validity of the method, we decomposed the instantaneous heat flux into individual
components and obtained the decomposed thermal conductivities. The results revealed that the contribution of
the interaction of atoms was more pronounced than that of the microscopic convection of atoms. In addition, the
method introduces an ambiguity while calculating the thermal conductivity of MOFs through EMD. The proposed
method is useful for truncating of HCACFs and determining the thermal conductivity of complex materials such

as MOFs.

1. Introduction

Metal-organic frameworks (MOFs) are unique porous materials
characterized by structures wherein metal clusters are connected by
organic linkers. Their high surface area and porosity facilitate an
excellent adsorption performance, and they hold considerable potential
for various applications, such as gas storage [1-3], gas separation
[4-10], sensing [11-13], and catalysis [14-18]. The combination of
metal clusters and organic linkers can be tailored to produce MOFs with
desired properties, allowing versatility in designing MOFs. In particular,
MOFs have been developed as hydrogen [19,20] and carbon dioxide
[21,22] adsorbents, which are expected to contribute to the mitigation
of energy and environmental issues in the future. However, the
adsorption capacity of MOFs may be reduced with increasing tempera-
tures. Gas adsorption is an exothermic phenomenon. Therefore, heat
accumulation due to rapid gas adsorption can affect the performance of
MOFs.

To address this issue, it is crucial to understand the thermal-transport
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properties of MOFs to design promising materials with efficient thermal
transport. Among the tools available to study this issue, molecular
simulation stands out as a powerful and widely used method for inves-
tigating the thermal-transport properties of materials at the molecular
scale [23-30]. However, most studies using molecular simulations have
focused on MOFs without fluid molecules, and study on MOFs incor-
porating fluid molecules is still limited, and an understanding of their
thermal properties remains insufficient. In a previous study, the thermal
conductivities of HKUST-1 loaded with water, methanol, and ethanol
were investigated using equilibrium molecular dynamics (EMD) [28].
The results of the study revealed that fluid molecules have two effects on
thermal conductivity: one is the decreasing effect by phonon scatterings;
the other is the increasing effect by additional pathways of heat trans-
port. The authors showed that the decreasing effect was dominant,
which led to the reduction of the thermal conductivity. Another study
examined the interface between HKUST-1 and water molecules and
revealed that the thermal resistance at the interface is a bottleneck
hindering the efficient dissipation of heat [27].
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Fig. 1. Simulation system (Color coding: Cu; red, O; blue, C; green, H; white,
Ar; cyan).

It is difficult to determine the thermal conductivity of materials using
conventional EMD simulations. The heat current autocorrelation func-
tion (HCACF) should be integrated over infinite time when the thermal
conductivity of the equilibrium system is calculated with the Green-
—Kubo formula [31,32]. However, the HCACF must be truncated at a
certain correlation time in finite-time simulations. Moreover, thermal
conductivities fluctuate over the integration time, impeding their ac-
curate calculations. In previous studies, some researchers regarded the
fluctuations of the HCACF observed over long correlation times as noise
and determined the cutoff times [33] for the integration calculation. In
this method, the cutoff time is defined as the correlation time when the
noise exceeds the HCACF. In another method [34], a function is defined
to quantify the relative fluctuations in the HCACF, and the cutoff time is
determined using the magnitude of the function. However, the appli-
cability of these methods to the systems composed of MOFs with or
without fluids, has not been investigated.

Through previous studies, the decomposed thermal conductivities
[35] of MOFs remain unclear. It is crucial to elucidate the contribution
of each component of the heat flux to the thermal conductivity and the
effect of fluid molecules on them for wunderstanding the
thermal-transport properties of MOFs.

In this study, we developed a method for determining the cutoff time
for integrating the Green—-Kubo formula and meticulously investigated
the thermal transport of MOFs loaded with fluid molecules by decom-
posing the thermal conductivity. First, we investigated the applicability
of the methods described in previous studies and then proposed an
original method to truncate the HCACF in EMD simulations. After con-
firming the validity of the proposed method, we decomposed the ther-
mal conductivity of HKUST-1 loaded with Ar atoms into each
component of the instantaneous heat flux and investigated the rela-
tionship between the number of loaded Ar atoms and the thermal con-
ductivities of the components, resulting in showing an ambiguity in the
thermal conductivity calculation of MOFs by EMD simulations.

2. Computational details

HKUST-1 is a typical MOF consisting of Cu clusters and 1,3,5-benze-
netricarboxylate ligands. We applied the force fields developed by Zhao
et al. [36] for modeling the interactions between the atoms composing
HKUST-1 and used a 3 x 3 x 3 supercell. We chose Ar as the fluid
molecule to eliminate the effects of shape, charge, and rotation of the
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molecules on the results. The interactions between the atoms composing
HKUST-1 and the Ar atoms were represented using the Lennard-Jones
potential. The potential parameters for Ar were obtained using a uni-
versal force field (UFF) [37]. The initial configurations of the Ar atoms
were determined using grand canonical Monte Carlo (GCMC) simula-
tions. We generated six cases with different numbers of Ar atoms,
0 (pristine HKUST-1), 500, 1000, 1500, 2000, and 2500 atoms. The Ar
atoms were then loaded into the HKUST-1 model. Fig. 1 shows an
example of this system, wherein each side length is 7.98 nm. Periodic
boundary conditions were applied in all directions. A Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [38] was
used for the simulation.

In this study, we used the Green—Kubo formula [31,32] to calculate
the thermal conductivity of the MOF, as follows.

- / &)
0

In Eq. (1), J(t) is the instantaneous heat flux, V is the volume of the
simulation system, kg is the Boltzmann constant, and T is the tempera-
ture of the system. In addition, (J(t)-J(0)) is the heat flux autocorrelation
function, and J(t) was calculated by the Eq. (2) [39].
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Here, E; is the instantaneous energy calculated as the sum of the
kinetic and potential energies of atom j, and v; is the velocity of atom j. N
and N, are the number of atoms of the whole system and that of
component a, respectively. r; and F; denote the displacement vector and
interacting force between atoms i and j, respectively, and h, is the
average partial enthalpy of component a. h, is not incorporated into the
formula when calculating the instantaneous heat flux of the pristine
HKUST-1. h, was calculated as follows.

1 1IN
Ki + Ui + g (miviz + 2Zj1rU.FU>:| (3)

N

V

N,
Ei:ul

hy =

Here, K; and U; are the time-averaged values of kinetic and potential
energies of atoms, respectively, for the component a. On the right-hand
side of Eq. (2), the first term represents the kinetic contribution with the
microscopic convection of the atoms, and the second term is the
contribution of the interactions between the atoms. Therefore, based on
the previous study [39], the first term is called the “kinetic term” and the
second term, the “virial term”. To validate the simulation, the thermal
conductivity of pristine HKUST-1 was calculated using Eq. (2) under the
same conditions as those employed in a previous study [26]. The ther-
mal conductivity of pristine HKUST-1 was calculated to be
2.03 W/(m-K). In the previous study, the reported thermal conductivity
of HKUST-1 was 1.65 W/(m-K), revealing an error of 23 % in our results.
This error occurred because a correction for the calculation of the virial
term was not applied in the previous study. When calculating the virial
term, the virial stress tensor must be modified in accordance with the
geometric center of the interacting atoms. In this study, a corrected
stress tensor was used [40]. Without the correction, the thermal con-
ductivity obtained was 1.73 W/(m-K), representing an error within 5 %
compared to the value reported in the previous study.

The simulation was conducted as follows. First, the system temper-
ature was maintained at 298 K for 500 ps. Then, an equilibration state
was achieved in 100 ps. Finally, data were produced for 1 ns under NVE
conditions. The time step was 0.5 fs and the HCACF was calculated every
5 ps with a correlation time of 50 ps. To obtain the thermal conductivity,
the simulations were executed ten times with different initial velocities
of the atoms, and an average value was subsequently obtained. We

divided the kinetic terms (3 {ZJ 1ViEj ] and & |:Zc211h0! Z}N;l V,,]} ) of the
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instantaneous heat flux (Eqg. (2)) into the two terms: a term for HKUST-1
and that for Ar atoms. Only J.1. mor and Jy are calculated for pristine
HKUST-1, while Jy, Jc1, mor, Je1, gas» Je2, mor, and Jeo, gas are calculated
for Ar-loaded HKUST-1.

Nyor
Je1, mor = v ; ViE; “4)
1 Ngas
cl gas — V Zvj ]:| (5)
Nmor
Je2, mor = hMOF Z Vj (6)
1 Ngas
JCZ, gas — V hgas Jz:; Vj:| @)

1 1 N N
VV|:22 Zrljvj :| (8)
i=1 j=1, j#i
Here, Nyor and N, represent the number of atoms composing
HKUST-1 and those of Ar atoms, respectively. Furthermore, we calcu-
lated the thermal conductivity of each term shown in Egs. (4)-(8) using
the following formula [35].

k. :# / (J3:(6)-3(0))dt ©

In Eq. (9), J; represents a component of the instantaneous heat flux
(Egs. (4)-(8)), and k:; is the thermal conductivity calculated using J:. In
this study, we calculated the decomposed thermal conductivities k.1 mor,
Ke1 gas, Ke2 mor s Kez,gas, and k, for Ar-loaded HKUST-1. For pristine HKUST-
1, we calculated k.;. mor and k. The overall thermal conductivity k,; was
obtained considering all the heat-flux terms in Eq. (2). Moreover, we
defined k,. as the cumulative sum of the thermal conductivities of all
the components.

kacc = kcl. MOF + kcl. gas ka. MOF — kc2. gas + kv (10)

Here, the subscripts of “c1, MOF” and “c1, gas” are the kinetic con-
tributions that are mainly determined by the instantaneous energies of
HKUST-1 and Ar, respectively. The subscripts of “c2, MOF” and “c2, gas”
are the kinetic contributions that are mainly determined by the average
partial enthalpies of HKUST-1 and Ar, respectively. The subscript of “v”
is the contribution of the virial term.

Following previous studies, we introduced a cutoff time for per-
forming the integrations shown in Eqgs. (1) and (9). This is because the
HCACF cannot be integrated over infinite time. In a previous study,
Howell [33] calculated the root-mean-square of the heat current
cross-correlation functions as

\/(S 21 (5,(6)5:(0))* + (5,

3

()5:(0))* an

and estimated the magnitude of the noise. Here, S(t) is the heat current
and S;(t) = VJi(t) (i=x,y, or 2z). The HCACF was truncated when W
exceeded the HCACF, and the fitting curve of the HCACF up to the cutoff
time was determined.

In another method, Chen et al. [34] defined a function F(t) as shown
below.

o(t, t+ 6t)

E(t,t+ 6t) 12)

F(t) =

They determined the cutoff time as the time at which the magnitude
of the function became greater than one. Here, o(t, t +4t) is the standard
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Fig. 2. Relationship between normalized HCACF and correlation time for

pristine HKUST-1 (red line) and HKUST-1 loaded with 2500 Ar atoms
(blue line).
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Fig. 3. Relationship between average thermal conductivity and correlation
time with its standard deviation for pristine HKUST-1 (red line) and HKUST-1
loaded with 2500 Ar atoms (blue line).

deviation and E(t, t +6t) is the expected value of the HCACF between the
correlation times of t and t + &t.

In this study, we devised a new method for truncating the HCACF,
wherein the cutoff time 7. was defined as the correlation time when the
fluctuations of the HCACF sufficiently converged. To quantify the fluc-
tuation, we defined D(t) as follows.

D(t) = o(t,t + 6t) 13)

Here, ¢ denotes the standard deviation of the normalized HCACF
between the correlation times of t and t + ét. Subsequently, we defined
the cutoff time 7. as the time required for the convergence of D(t). We
calculated the normalized HCACF as (J(0)-J(t))/(J(0)-J(0)).

3. Results and discussion

Figs. 2 and 3 show the average values of the normalized HCACF and
thermal conductivity, respectively. The red lines in these figures show
the values for pristine HKUST-1 while blue lines show the values for
HKUST-1 loaded with 2500 Ar atoms. In Fig. 3, the pink and light-blue
lines show the standard deviations of the values obtained over 10 sim-
ulations. As shown in Fig. 2, the HCACEF for the pristine case converges at



H. Ito et al.

L 1of ]
o < og |
0.8f T 04}
& o2} ]
0.6} g oo0f =
5 0.2} P2
0.4} Z 04 ]

é 1I0 1I5 2I0 25
Time [fs]

Normalized HCACF

—— HCACF(Ar: 0)
-0.2p noise(Ar: 0)
~0.4} —— HCACF(Ar: 2500)
noise(Ar: 2500)

0 5 10 15 20 25 30 35 40 45 50

Time [ps]

Fig. 4. Normalized HCACF and the noise function for pristine HKUST-1 (red
line) and HKUST-1 loaded with 2500 Ar atoms (blue line). The inset is the
enlarged views of normalized HCACF and the noise at small correlation time.
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Fig. 5. Relative fluctuation of HCACF obtained by a single simulation run for
pristine HKUST-1 (red line) and HKUST-1 loaded with 2500 Ar atoms
(blue line).

about 30 ps, whereas the thermal conductivity (Fig. 3) increases slightly
with correlation time. This implies that the HCACF does not perfectly
fluctuate across a value of zero. For the HKUST-1 loaded with 2500 Ar
atoms, the fluctuation in thermal conductivity is larger than that
observed for the pristine case, and the thermal conductivity converges at
about 25 ps. This convergence can be attributed to the shorter mean free
path of phonons in the HKUST-1 loaded with Ar compared to that in the
pristine case. In both cases, the cutoff time must be qualitatively
determined for integrating the HCACFs.

First, we applied the method proposed by Howell [33] and defined

W(Eq. (14)).

7 1
W = v w
2 2 2 (14)
B \/<Jx<r>Jy(0>> T (5(042(0))° + (UL(0,(0))
3

Here, W denotes the noise function defined in Eq. (11). Fig. 4 shows

the normalized values of HCACF and W for the pristine case and the
system loaded with 2500 Ar atoms. The light-colored lines show the
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Fig. 6. Mean values of normalized HCACF in the time interval (t,t+6) for
pristine HKUST-1 (red line) and HKUST-1 loaded with 2500 Ar atoms (blue
line). The insets are the enlarged views at small correlation time.
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Fig. 7. D(t) curve and their asymptotes (6t = 1.25 ps, 3.75 ps, and 8.75 ps).

values of the noise function W. The cutoff time of the integration was
determined as the correlation time when the noise exceeded the
magnitude of HCACF. As shown in the insets of Fig. 4, the cutoff time in
both cases is 0.0125 ps. This is the shortest correlation time corre-
sponding to negative values of the HCACFs. Considering the typical
HCACEF fluctuations observed for MOFs, the cutoff time determined was
too small, indicating that the method proposed by Howell is not suitable.

Next, we applied the method proposed by Chen et al. [34] and
calculated F(t) based on Eq. (12). Fig. 5 shows the F(t) of pristine
HKUST-1 and HKUST-1 loaded with 2500 Ar atoms. F(t) fluctuates
significantly, regardless of the correlation times. In addition, Fig. 6
shows the mean value of the normalized HCACF (|E(t, t +6t)| in Eq. (12))
for pristine HKUST-1 and HKUST-1 loaded with 2500 Ar atoms.
|E(t, t +6t)| fluctuates significantly and as can be observed from the in-
sets, |E(t,t+6t)| assumes small values regardless of the range of corre-
lation times. These small values lead to F(t) spikes (Fig. 5). Therefore,
the convergence of the HCACF cannot be defined using the function F(t)
given in Eq. (12).

In summary, the methods proposed by Howell and Chen et al. are not
suitable for evaluating the HCACFs of the MOF. This is because the
HCACFs of the MOF fluctuate across the zero value for all correlation
times. It should be noted that using the methods proposed in the
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previous studies, the HCACFs were observed to fluctuate around positive
values for small correlation times.

In this study, we devised a new method for truncating the HCACF. As
shown in Fig. 3, the thermal conductivity of pristine HKUST-1 increases
slightly with correlation time although the HCACF (Fig. 2) converges.
Considering the limited amplitude of fluctuations in the HCACF for long
correlation times, the phonon modes may not contribute significantly to
the observed increase within the correlation time. Therefore, we
determined the cutoff time based on the convergence of the HCACF

fluctuations. To quantify the fluctuation, we defined D(t) as D(t) = o(t,

t + 6t), where ¢ is the standard deviation of the normalized HCACF
between the correlation times of t and t + 6t (Eq. (13)). Fig. 7 shows the
curves of D(t) for the pristine case for three different values of 6t: 1.25 ps,
3.75 ps, and 8.75 ps. The value of the asymptote was determined from
the mean value of the D(t) in the correlation time between i, and 7max,
where 7. is 50 ps in this study. Subsequently, to determine the
convergence of the D(t), we defined the threshold value of the relative
errors from the asymptote. D(t) was considered to converge when the
relative error of the D(t) from the asymptote was smaller than the
threshold value. We defined the cutoff time 7. as the time required for
D(t) to converge. In summary, three parameters were defined to deter-
mine the cutoff time: the time width &t, 7, to determine the asymptote,
and the threshold of error from the asymptote.

To confirm that the parameters did not significantly affect the re-
sults, we evaluated the overall thermal conductivity varying one
parameter and keeping the values of the other parameters fixed. First,
we varied the time width 6t (a parameter involved in D(t) calculations),
with the threshold value and 7,;, fixed at 0.1 and 30 ps, respectively.
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Fig. 10. Effect of threshold value on thermal conductivity.

Fig. 8 shows the relationship between the value of 5t and thermal con-
ductivity. The results indicate that 6t does not significantly affect the
value of thermal conductivity. However, the result of the D(t) curves in
Fig. 7 shows that the fluctuations of D(t) become more pronounced at §t
= 1.25 ps, making it difficult to determine the convergence time. At 6t =
8.75 ps, D(t) declines without fluctuations. In addition, D(t) is calculated
between t and t + 5t and the HCACEF is calculated until a correlation time
of 50 ps. This implies that the D(t) can be calculated up to D(50 —ét) and
the amount of data required to calculate the asymptote decreases as the
value of 5t increases. Hence, too large values of t lead to unreliable
values of the asymptote, while too small values of 5t complicate an ac-
curate determination of the convergence time.

Next, we varied the value of 7y, fixing 5t and the threshold error at
3.75 ps and 0.1, respectively. 7, is a parameter used to determine the
asymptote of D(t). Fig. 9 shows the thermal conductivities with respect
to Tmin. The thermal conductivity of the pristine case increases slightly
until a 7, of 25 ps. As evident from Fig. 7, too small values of 7, can
lead to invalid results, because the value of the asymptote can be
inconsistent with the convergence value of the D(t).

Finally, we investigated the influence of the threshold value of the
relative error on the results based on the calculated D(t) and its
asymptote. Fig. 10 shows the relationship between the thermal con-
ductivity and the threshold value for 6t and 7y, of 3.75 ps and 30 ps,
respectively. Fig. 10 (a) and 10 (b) show the thermal conductivities
corresponding to a maximum relative error of 1.0 and 0.1, respectively.
These figures indicate that the thermal conductivity does not change
significantly when the relative error is less than 0.1. Based on the above
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investigation, we determined the time width 6t, the threshold of error,
and 7min as 3.75 ps, 0.1, and 30 ps, respectively. The pristine and the Ar-
loaded HKUST-1 systems (Figs. 8-10) exhibited different results, which
can be attributed to the trends of the HCACFs. Compared to the Ar-
loaded HKUST-1, the pristine HKUST-1 exhibited smaller amplitudes
of thermal-conductivity fluctuations (Fig. 3). However, the thermal
conductivity of the Ar-loaded HKUST-1 converged relatively well.
Similar trends are observed in Figs. 8-10.

Furthermore, we considered the fluctuation in the HCACF and
investigated their frequency characteristics. For this, we obtained the
Fourier transform of the normalized HCACF [25,41] and compared the
modes before and after applying the truncation method proposed in this
study. In previous studies, the Fourier transform of HCACF was calcu-
lated to investigate the modes contributing to the thermal conductivity.
Therefore, HCACF must include these modes even after truncating
HCACF for finite integration in the Green—Kubo formula.

When the truncation method was not applied, the HCACFs were in-
tegrated for 50 ps. Fig. 11 (a) and 11 (b) show examples of the result
obtained for pristine HKUST-1 and HKUST-1 loaded with 2500 Ar
atoms, respectively. The blue lines show the results obtained when the
HCACF was integrated to 50 ps, and the orange lines show those ob-
tained when the integration was performed till the cutoff time deter-
mined by the truncation method. The figures reveal that the positions of
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Fig. 13. Values of k,.. and the relative errors to k.

the peaks do not change significantly, suggesting that our method effi-
ciently incorporates the contributions of the dominant phonon modes to
the thermal conductivities. This result confirms the validity of the pro-
posed truncation method. The Fourier-transformed HCACFs were ob-
tained in one simulation run, but did not change significantly depending
on each run.

Fig. 12 shows the relationship between the thermal conductivity and
correlation time obtained by a single simulation run. Each vertical line
shows the cutoff time determined by each method (green line: method
by Howell; orange line: method by Chen et al.; red and blue lines:
method proposed in this study). As mentioned above, the cutoff time
determined using the method from Howell was 0.0125 ps. The cutoff
time determined by applying F(t) was 0.0 ps in all cases because the
magnitude of F(t) was much larger than 1.0 as shown in Fig. 5. When
D(t) was applied, the determined time 7. varied in each simulation run;
however, the range of 7. was 15 -35 ps in all cases.

Previous studies have focused on the overall thermal conductivities
of MOFs. In this study, we investigated the thermal conductivity in more
detail by dividing it into its constituent components and then calculating
the values of each component (Je1,mor, Je1,gass JeaMor, Je2,gas, and Jy).
To confirm the validation of the method in accurately evaluating the
contributions of each component, the accumulated thermal conductivity
kacc was compared with the overall value kgj. The k.. can be obtained
by Egs. (4)-(10) while the k,;; can be obtained based on Egs. (1) and (2).

Fig. 13 shows the value of k.. and the relative error of k,.. from the
value of k,;; with respect to the number of Ar atoms loaded in HKUST-1.
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The values of k,.. are well-consistent with the values of k,; for all cases,
indicating we can validate the decomposition of thermal conductivity.
Fig. 14 shows the relationship between the number of the loaded Ar
atoms and decomposed thermal conductivities after applying the cutoff
time 7. defined in this study. The HCACF was truncated for each
component in each simulation run. As can be observed from the figure,
the overall thermal conductivity of the Ar-loaded HKUST-1 is lower than
that of the pristine case in all cases. This trend was observed in previous
studies for other fluid molecules, and it can be attributed to the phonon
scatterings [23,24,28]. A smaller k,; is observed when the number of Ar
atoms is 2500, compared to when the number is 500. This is because of
the increased frequency of interactions between the Ar atoms and atoms
composing HKUST-1 as the number of Ar atoms loaded increases. The
values of k, demonstrate that the interaction of the atoms impacts the
thermal transport in the system more significantly than the microscopic
convection of the atoms. In addition, the values of k.1, mor and kcz2, mor
basically exhibit similar values (Fig. 14), resulting in the mutual
cancellation of their most contributions. Notably, they largely varied
depending on the number of Ar atoms. Eq. (9) suggests that the mag-
nitudes of the heat fluxes J.1, mor and Je2, mor, and their correlations
with J(0) may influence the behaviors of k1, mor and kea, mor. Fig. 15
shows the time-averaged values of the absolute instantaneous heat flux.
The trends of |Jc1. mor| and |Jez, mor| are not consistent with those of
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ke1, mor and kco, mor. This implies that ke, mor and keo, mor are inde-
pendent of the magnitude of the heat flux. Hence, the correlation of
Je1, mor and Jeo, mor With J(0) may determine the values. Focusing on
the values of ke, gas and kca, gas, they are much smaller than those of
other components. This can be attributed to the difference in the number
of atoms; HKUST-1 consists of 16846 atoms with a maximum of 2500 Ar
atoms. As shown in Fig. 14, the time-averaged values of ke mor,
ke2, moF, Ke1, gas, and kea, gas are negative in some cases. To understand
more details, Table 1 lists the k¢, mor of the pristine HKUST-1 for each
simulation run. Table 2 lists the kc1, mMor, Kc2, MOF, K1, gas, and kea, gas Of
HKUST-1 loaded with 2500 Ar atoms for each simulation run. The values
obtained in one simulation run are either negative or positive, high-
lighting the ambiguity presented when calculating the thermal con-
ductivity of MOFs through EMD simulations. The size effect of the
system can lead to the negative thermal conductivity components.
However, the computational cost is limited, and the size of the system
was sufficient to calculate the thermal conductivity based on a previous
study [26]. We note that the contributions of kc1, mor, kc2, MoF, Ket, gas»
and ke, gas are much smaller than that of ky, as the contributions of
ke1, mor and kea, mor cancel each other out, similar to those of k¢1, gas and

kc2< gas-
4. Conclusions

In this study, we performed EMD simulations and investigated the
thermal transport properties of HKUST-1 loaded with Ar atoms, and
examined methods to truncate HCACF to obtain the thermal conduc-
tivity of the MOF more accurately using the Green-Kubo formula. The
results revealed that it was difficult to apply the conventional methods
used in previous studies to determine the cutoff time for integrating
HCACF because the methods were not suitable for the profile of the MOF
HCACFs. Therefore, we devised a new method for truncating MOF
HCACFs and confirmed that the parameters used in our method do not
significantly affect the results. The obtained thermal conductivity was
decomposed into its constituent components and the contributions of
each term in the instantaneous heat flux were evaluated. The thermal
conductivity was observed to decrease when Ar atoms were loaded. In
addition, the virial term in the heat flux was dominant over the thermal
conductivity despite the increase in the number of loaded Ar atoms. This
indicated that, compared to the kinetic contribution, the interaction of
the atoms had a more significant effect on the thermal conductivity.
However, the decomposed thermal conductivities induced an ambiguity
while calculating the thermal conductivities of MOFs of through EMD
simulations. Finally, the proposed method is useful for generally treating
the truncation of HCACFs and determining the thermal conductivity of
complex materials such as MOFs.
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Table 1

Values of k¢1, mor of the pristine HKUST-1 for each simulation run.
case 1 2 3 4 5 6 7 8 9 10
ke1, mor 3.85 x 1072 -9.59 x 1072 -4.96 x 1072 1.44 x 1072 -5.89 x 1072 -0.107 -7.56 x 1073 -0.191 -1.21 x 1072 -0.150
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Table 2
Values of kc1, mor; Ke2, MoF; Kel, gas, and Kea, gas of HKUST-1 loading 2500 Ar atoms for each simulation run.
case 1 2 3 4 5 6 7 8 9 10
ke, Mok -0.235 3.70 -0.709 0.504 -0.304 -1.53 -0.757 0.199 -0.205 -0.999
ke mor  0.340 3.29 -0.757 0.463 -0.468 -0.673 -0.162 0.644 -8.05 x 1072 -0.989
Ket, gas 2.88 x 1073 584 x10° 661 x10°° 455x10°  6.68 x 1072 6.53 x107*  7.48 x 1073 4.64 x 1073 5.63 x 1072 6.23 x 1073
kea, gas 659 x 10 274x103 -381x10* 217x10* -128x10° 591x10* 798x10* -376x10°* 3.02x10*  -1.19x10°3
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