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ABSTRACT: Metal—organic frameworks (MOFs) are promising candidates as natural gas | Funcionsl Groue
adsorbents because of their porous feature and high structural tunability. In the gas

adsorption/desorption process, MOFs are often under complicated physical environments,

such as varied pressure and temperature; however, limited attention has been paid to the o4
effect of pressure on their thermal properties. In this work, taking ZIF-8 with four different
functional groups (—H, —CHj;, —Cl, and —Br) as an example, we investigate the influence
of functional group substitution and pressure on the thermal conductivity of MOFs through
equilibrium molecular dynamics simulations. A reduction in thermal conductivity induced
by the functional group substitution is observed, which is caused by a damping effect of the
acoustic mismatch. Regarding the impact of pressure, the thermal conductivity of ZIF-8 is
found to decrease first with increasing hydrostatic pressure. When the pressure exceeds a . . i
critical value, a sudden rise is observed in the thermal conductivity of ZIF-8 because a phase 00 02 04 06 08 10
transformation from the porous phase to the dense phase is found in this process. The
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complicated influence of pressure on thermal conductivity is explained by a competition

between the aggravation of phonon scattering and the enhancement of volumetric heat capacity in ZIF-8 with increasing pressure.
This work is expected to provide molecular insights into the functional group- and pressure-dependent thermal transport of MOFs
and thus facilitate their applications in energy storage and gas absorption.

1. INTRODUCTION

Metal—organic frameworks (MOFs), which are constructed
from metal-based nodes bridged by coordination bonds to
multidentate ligands," currently are the most known porous
materials.” The application potential of MOFs has attracted
great interest from academia and industry’ because MOFs are
crystalline materials possessing extremely large surface area and
high structural tunability.” Especially, MOFs can play
important and critical roles in addressing today’s increasing
serious energy and environmental problems.s’6 For example,
MOFs are expected to be a favorable candidate for hydrogen
storage, which can facilitate the further implementation of
hydrogen in fuel cell technologies.” Meanwhile, a MOF
material is also an excellent choice for the adsorption and
separation of CO,.° However, because of their porous
structure, MOFs usually have very poor thermal conductivities
because the reported thermal conductivity of most MOFs is
generally less than 1.0 W m™' K™.° Such low thermal
conductivity of MOFs will impede the removal of latent heat of
adsorption in their applications of fuel cell and gas separation.
In addition, the mechanism of heat transport inside MOFs is
relatively unique. It is widely known that the heat can be
transferred by two channels: one is the localized molecular
mode (e.g, the amorphous polymer’) and the other is the
propagating lattice mode (e.g, the crystalline solid'®).
Considering the abundant structures of the MOF family and
its wide application in gas storage, it substantially becomes
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extremely important to study the property and mechanism of
thermal transport of MOFs with different framework
architectures and under different physical environments
(such as pressure and temperature).

The existing experiments and simulations on MOFs mainly
focus on their synthesis and also applications in gas
adsorption/separation, electronic devices, catalysis, and so
on,"" while limited attention has been paid to the heat transfer
of MOFs.'” There are only a few studies examining the thermal
transport properties of some popular MOFs, such as MOEF-
5,10’13’14 ZIF-S,IS’16 and HKUST-1.® Most existing studies were
carried out by molecular dynamics (MD) simulations. For
example, Kaviany et al. performed a pioneering computational
study of the thermal conductivity of MOEF-S, which was
reported to be 0.31 W m™" K™! at room temperature (300
K).'”"* They also revealed that the molecular-mode and the
lattice-mode heat currents have roughly equal contribution
during the heat transport. Han et al. conducted a
comprehensive investigation on the relationship between the
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Figure 1. (a) Atomic structure and (b) structural parameters including crystal length and porosity of 2 X 2 X 2 supercells of ZIF-8 with different
imidazolate linkers: ZIF-8(H), ZIF-8(CHj,), ZIF-8(Br), and ZIF-8(Cl).

thermal conductivity and the framework architecture of MOEF-
§ including node-linker mass, shear stiffness, strain engineering,
and liner arm length."” A flexible force filed'” was developed by
Jiang’s group for ZIF-8, which was successfully utilized in
studying its thermal conductivity.”> The obtained thermal
conductivity of ZIF-8 is 0.165 W m™" K™' at room
temperature.”> Very recently, impacts of ethanol and water
adsorptions on the thermal conductivity of ZIF-8 were
reported for achieving a better understanding of the heat-
transfer mechanism of MOFs with fluid adsorption.'® In
addition to the realistic full-atom simulations, a series of
idealized porous models were adopted by Wilmer et al. to
investigate the effect of pore features (size and shape) and gas
adsorption on the heat transfer in MOFs,'®"” which suggested
that the thermal conductance can be reduced as the
concentration of gas in the pores increases.

As one representative example of MOFs with high structural
tunability, ZIF-8 has been widely synthesized in experiments.
Although the imidazolate linker (i.e., the functional group) of
the conventional ZIF-8 is CHj, ZIF-8 materials constructed by
other functional groups have been successfully synthesized
recently. For example, Mortada et al. have synthesized ZIF-
8(Cl) and ZIF-8(Br) by substituting the original functional
group (CH,;) by Cl and Br without changing the sodalite
topology.”® The energetic performances, structural properties,
and adsorptive properties of these ZIF-8 materials constructed
by different functional groups have been investigated by
Chaplais et al.?! Based on ab initio calculations, Diirholt et al.>
developed a force field (in the MOF-FF style) for different
ZIFs, which includes the conventional ZIF-8(CH,) with a
functional group of CHj;, two synthetic derivative ZIF-8
materials [ZIF-8(Br) and ZIF-8(Cl) with the functional group,
respectively, being Br and Cl], and ZIF-8(H) with a functional
group of H. However, to the best of our knowledge, the impact
of functional group substitution on the thermal conductivity of
ZIF-8 materials remains unexplored. In this study, taking four
common ZIF-8 materials ZIF-8(CH,), ZIF-8(H), ZIF-8(Br),
and ZIF-8(Cl) with different functional groups as examples, we
investigate the influence of the functional group of MOFs on
their thermal conductivity through MD simulations. In
addition, because ZIF-8 is known to exhibit a high gas
adsorption capacity,”* >* in the present study, it is also chosen
as a representative example to examine the thermal transport
rule of MOFs under different pressures and temperatures in
the applications of gas storage and adsorptions. It is the first
time that the effects of functional group and pressure are
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simultaneously considered in the study of the thermal
conductivity of MOFs. It is highly expected that this study
can enhance the understanding of the heat transport
mechanism of MOFs with different framework architectures
and pressures.

2. METHODOLOGY

2.1. Simulation Models. Four different ZIF-8 materials
including the conventional ZIF-8(CH;) and its three
derivatives, that is, ZIF-8(H), ZIF-8(Br), and ZIF-8(Cl),
were investigated in our research. The atomic structures of
these ZIF-8 materials are shown in Figure la. The initial
atomic structures used for MD simulations were obtained from
ab initio calculations.”® In our MD simulations, the
interactions among atoms in ZIF-8 were described by the
force field MOF-FFE.*® The parameters of MOF-FF imple-
mented in our MD simulations were obtained from ref 25. It is
shown in the previous study that the MD simulations together
with the MOF-FF force field can properly describe the flexible
property (crucial linker swing effect) of a large number of ZIF-
8 derivatives and accurately predict their mechanical proper-
ties, which are comparable to the results obtained from ab
initio simulations.”> As plotted in Figure SI, the radial
distribution of four ZIF-8 materials with different functional
groups is identical to each other, which proves that different
ZIF-8 derivatives share a similar skeleton structure with
sodalite topology though they possess different functional
groups. The 2 X 2 X 2 supercells of ZIF-8 materials (see the
inset of Figure 1b) with periodic boundary along three
mutually perpendicular directions were adopted in our study.
This treatment can efficiently exclude the boundary effect of
the system, which makes the calculation results more realistic.

2.2. Thermal Conductivity Calculations. In this study,
equilibrium MD simulations together with the Green—Kubo
method””*® were utilized to calculate the heat current
autocorrelation function (HCACF), which was thus utilized
to obtain the running thermal conductivity tensor k,,(t) (uv =
x, ¥, and z) at a given correlation time ¢

() = — [ 0,0, (0)a0) o

where kg is Boltzmann’s constant, T is the system temperature,
V is the volume of the simulation box, | is the heat current, and
( ]ﬂ(O) J,(t)) represents the average HCACF over different time
origins. Because the 2 X 2 X 2 supercells adopted in our MD
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Figure 2. (a) Running normalized HACAF and (b) thermal conductivity of ZIF-8(CH;) with increasing correlation time. Here, the running
HACAF and thermal conductivity were calculated as the average value of 10 independent simulation raw data sets. (c) Thermal conductivity of

ZIF-8 with different functional groups.

calculations are isotropic in three directions, eq 1 can be

further simplified as

1%
3k T?

KO = —— [

2)

The whole MD simulation process conducted in the present
study was implemented bgr using the publicly available
simulation code LAMMPS,* in which the standard Newton
equations of motion were integrated in time using the velocity
Verlet algorithm. Specifically, the time step was set as 0.1 fs.
During the MD simulation process, the conjugate gradient
method was first adopted to perform energy minimization to
ZIEF-8. The obtained structures were then relaxed at 300 K and
0 GPa in the NPT ensemble (constant number of particles,
pressure, and temperature) for 1 ns using the Nosé—Hoover
thermostat,*>** followed by another relaxation in the NVT
ensemble (constant number of particles, volume and temper-
ature) for another 1 ns. After the sufficient structural
relaxation, MD simulations were performed in the NVE
ensemble (constant volume without thermostat) to calculate
the HCACF and the running thermal conductivity. Here, the
sampling interval of HCACF calculations was every 10 steps.
As shown in Figures 2b and S3, the correlation time was 10 ps
for ZIF-8(H), ZIF-8(CH,), and ZIF-8(Cl) but 20 ps for ZIF-
8(Br). The different correlation time used for ZIF-8(Br) is due
to the fact that the running thermal conductivity of ZIF-8(Br)
needs more correlation time to reach convergence when
compared to the other three ZIF-8 materials, which will be
discussed later. In order to avoid the possible statistic error, 10
independent calculations were conducted to obtain the average
value of the thermal conductivity. Hence, the total simulation
step in the NVE ensemble was 1 million steps (corresponding
to 100 ps) for ZIF-8(H), ZIF-8(CH,), and ZIF-8(Cl) and 2
million steps (corresponding to 200 ps) for ZIF-8(Br). In
simulating the ZIF-8 materials under different hydrostatic
pressures, they were relaxed at 300 K and under the specific
pressure in the NPT ensemble for 2 ns. Afterward, similar MD
simulations in the NVE ensemble were performed to calculate
the thermal conductivity of the ZIF-8 materials under the
pressure. Here, six pressures (0, 0.2, 0.4, 0.6, 0.8, and 1.0 GPa)
ranging from 0 to 1.0 GPa were considered in our study. It is
worth noting that the heat flux calculation approach for many-
body interactions in the conventional LAMMPS is uncorrected
because only the two-body potentials were considered in
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calculating the virial stress heat flux.”** Here, we adopted the

software patch developed by Wilmer’s group®” to LAMMPS, in
which the correct heat flux calculation approach is
implemented. The thermal conductivities of four ZIF-8
materials calculated by both corrected and uncorrected
LAMMPS are compared in Figure S2. It is shown that the
thermal conductivity of ZIF-8 obtained from the corrected
LAMMPS is about 8.3—14.4% higher than the value achieved
from its uncorrected counterpart.

3. RESULTS AND DISCUSSION

In this section, the aforementioned equilibrium MD
simulations together with the Green—Kubo method were
employed to study the thermal conductivity of ZIF-8 and its
derivatives with different functional groups. Three different
effects including functional group substitution, hydrostatic
pressure, and temperature were discussed.

3.1. Functional Group Effect. The initial structure
parameters including the length a (ie., the size of the
simulation box) and porosity f§ are plotted in Figure 1b. It is
noted that the porosity was calculated through a polyhedral
mesh algorithm encapsulated in the open-source OVITO
package,””** in which the probe sphere radius was set as 5.0 A.
As shown in Figure 1b, ZIF-8(H) shows the largest porosity
and the smallest crystal length, while ZIF-8(Br) has the
smallest porosity and the largest crystal length. The different
crystal lengths and porosities of different ZIF-8 materials are
attributed to their different functional groups. For example, the
bond length dcz_fg (fg = Br, Cl, CH;, and H denoting different
functional groups, C2 denoting the carbon atoms connecting
the functional groups on the skeleton as plotted in Figure 1a)
between the functional groups and the skeleton follows d¢, g,
(0.189 nm) > dcy_¢ (0.170 nm) > de,_cy, (1.503 nm) >

dcy—p (0.110 nm), which is consistent with the distribution of
their crystal length. However, the change of porosity of ZIF-8
materials having different functional groups generally shows
the opposite trend with the bond length. The longer bond
length makes the void space enclosed by the constructed
surface mesh much smaller. The only exception is ZIF-8(CHj),
which has a shorter bond length but a much smaller porosity
than ZIF-8(Cl), which is caused by the fact that there exist
three C—H bonds toward different directions in the functional
group, making the porosity significantly reduced.
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Figure 3. (a) Normalized HCACF, (b) normalized thermal conductivity, and (c) power spectrum of normalized HCACF of different ZIF-8
materials. The green, black, blue, and red lines are results of ZIF-8(Cl), ZIF-8(CH;), ZIF-8(H), and ZIF-8(Br), respectively. In all plots, the curves

are offset for clarity.

As stated above, the heat current data of every successive 10
ps in our simulations was treated as an individual sample result.
By averaging sufficient sample results, we can obtain the
average value of HCACF and running thermal conductivity.
Taking ZIF-8(CH;) as an example (see Figure 2ab), its
HCACEF and thermal conductivity both fluctuate significantly
at the early stage. However, as the simulation time increases,
the fluctuation begins to decay, which finally results in the
convergence of both HCACF and thermal conductivity,
though the HCACF decays much faster than the thermal
conductivity. From eq 1, we can clearly see that the running
thermal conductivity is a function of the correlation time.
Thus, in order to achieve the statistical accuracy of obtained
thermal conductivity, in the present study, the thermal
conductivity was obtained by averaging the value of last 5 ps
at the convergence phase as plotted in Figure 2b. The
evolution of HCACF and running thermal conductivity with
growing correlation time of other ZIF-8 materials, that is, ZIF-
8(H), ZIF-8(Cl), and ZIF-8(Br), can be found in Figure S3.
The estimated thermal conductivity of the conventional ZIF-8,
that is, ZIF-8(CH,), is 0.1743 W m™' K™', which is slightly
larger than the existing result of 0.165 W m™" K™' reported in
previous simulation studies.'>'® This difference can be
attributed to the following two factors. First, we used a
newly developed force field MOF-FF, which is different from
the conventional Amber force field'” utilized in the previous
study. Second, in the present study, we employed the
LAMMPS package with a correction to the calculation of
heat flux, while the corrected contribution of many-body
interaction to heat flux was probably ignored in the previous
calculations (see Figure S2).'¥'¢

As plotted in Figure 2c, the estimated thermal conductivities
of other ZIF-8 derivatives are 0.1652, 0.1418, and 0.1384 W
m~! K™ for ZIF-8(H), ZIF-8(Br), and ZIF-8(Cl), respectively,
which are 5.22, 18.65, and 20.60% lower than that of their
conventional counterpart ZIF-8(CH;). The lower thermal
conductivity observed in three ZIF-8 derivatives is caused by
the acoustic mismatch between the atom C2 and the functional
group (H, Cl, and Br) because the mass of these functional
groups is different from atom C2 in the skeleton (see Figure
la), which is in contrast to the comparable atomic mass
between the C3 atom in ZIF-8(CH;) and the C2 atom in its
skeleton. The lattice vibration of ZIF-8 is mainly through the
Zn—N—-C1(C2)—N—Zn channel, while the functional group
essentially does not participate in the lattice vibration. In other
words, the influence of functional groups is more likely a
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damping block for the heat transport. To shed more light on
the mechanism behind the influence of different functional
groups, the HCACF and vibrational density of states (VDOS)
of four different ZIF-8 materials are carefully compared.

In Figure 3ab, we show the evolution of normalized
HCACF and thermal conductivity, respectively, of different
ZIF-8 materials with the correlation time. It is clear that among
the considered four ZIF-8 materials, ZIF-8(Br) shows the
slowest convergence of both HCACF and running thermal
conductivity. For example, when the correlation time reaches
10 ps, the HCACF and running thermal conductivity of ZIF-
8(Br) still fluctuate obviously, while the results of other three
ZIF-8 materials have already converged. Thus, a double
correlation time, that is, 20 ps, is required for ZIF-8(Br) to
obtain a stable result of thermal conductivity. In addition,
among other three ZIF-8 materials, ZIF-8(CHj;) experiences
the fastest convergence of HCACF and running thermal
conductivity, while the convergence of ZIF-8(Cl) is the
slowest. Moreover, the power spectrum of heat current is
graphically shown in Figure 3c, which was obtained by
applying the Fourier transform to the obtained normalized
HCACEF. It is found that different functional groups have
different impacts on both high- and low-frequency components
of the heat current. As for the low frequency below 50 THz,
the peak of three ZIF-8 derivatives is on the left of the
conventional ZIF-8(CH;). As for the high frequency, ZIF-
8(Cl) has an additional peak near 100 THz, while ZIF-8(Br)
has no peak above 50 THz. Generally, the power spectrum of
heat current of ZIF-8(H) has a distribution closest to that of
ZIF-8(CHj;), while ZIF-8(Br) has only one peak at the low-
frequency region.

To further provide a microscopic insight into the function
group-dependent thermal conductivity of ZIF-8, we calculated
the VDOS of four different ZIF-8 materials considered. Here,
the VDOS were calculated by taking the Fourier transform of
the atomic velocity autocorrelation function following the
below equation™

VODS(v) = / y(t)exp(—2zivt)dt (3)

where v is the frequency, i is the imaginary unit, and y denotes
the velocity autocorrelation function obtained by the following
equation29

_ (Z, v(0)-v(t))

0= 15 0 @)0) @
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8(Br).

where v,(t) and v,(0) are the velocities of the ith atom at time t
and the initial time, respectively.

Figure 4 shows the VDOS of the framework atoms of four
ZIF-8 materials at 300 K. The atoms considered include those
in the skeletons (i.e, Zn, N, C1, H1, and C2) and also the
components of functional groups. It is found that in the
conventional ZIF-8(CH;), Zn only possesses the frequency
between 0 and 10 THz, while the frequency of N has a wider
dispersion. This observation of VDOS of the conventional
ZIF-8(CHj) is in accordance with the result reported in the
previous study."> The large gap and scant overlap between the
VDOS distributions of Zn and N atoms inhibit efficient energy
exchange, which thus leads to a low thermal conductivity of
ZIF-8. To investigate the damping effect of imidazolate linker
substitution, in this study, we turn to focus on VDOS
distributions of C2 atoms (red lines in Figure 4) and the
functional groups (blue lines in Figure 4). In all ZIF-8
materials, the VDOS of their C2 atoms show a wide
distribution over all frequency ranges. The VDOS of four
functional groups (i.e, —H, —CH;, —Cl, and —Br) are quite
different from each other. For example, the CH; group
including C3 and H3 atoms has a VDOS distribution close to
that of C2 atoms. As a result, the C2 atoms and the CH; group
share a similar vibration frequency. When CHj is replaced by
H, the VDOS distribution of the functional group is transferred
from a wide frequency range 0—60 HTz to a narrow frequency
range 20—40 THz. Comparing the VDOS between H2 atoms
(see Figure 4a) and C3 atoms (see Figure 4b), we can see that
the peak located at 0—20 THz (for C3 atom) has leftward
moved to the range of 20—40 THz (for H2 atom). This
significant blue shift of high frequency is attributed to the fact
that hydrogen has only 1/12 relative atomic mass compared to
carbon. When CHj is replaced by heavy Cl or Br atoms, the
VDOS distribution mainly exists at the low frequency.
Specifically, the frequency of Cl is within 0—20 THz while
that of Br is within 0—10 THz. The relatively atomic masses of
Cl and Br are 35.5 and 79.1, which are 3.0 and 6.6 times,
respectively, that of carbon atom. Comparing the atomic mass
and VDOS distribution of four functional groups, we can
conclude that the heavier atom has a lower frequency.
However, if the atomic mass of function group is the only
reason responsible for the damping effect on the heat transport
of ZIF-8, it would raise a question that why ZIF-8(H) having
the lightest function group possesses a lower thermal
conductivity than that of ZIF-8(CH,3). This phenomenon
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might be explained by the following two reasons. First, the C3
atom of the CHj; group has the same atomic mass as that of the
bonded C2 atom. As a result, they share a similar VDOS
distribution (see Figure 4b), which can effectively reduce the
phonon scattering. Second, as we mentioned above, the heat
transport in MOFs has two channels, crystal lattice modes and
localized molecular modes,'”*® because the configuration of
MOFs 1s between the crystalline solid and amorphous
polymers.”*® Thus, decreasing the mass of functional group
can increase the lattice mode thermal conductivity but
probably degrade the molecular mode thermal conductivity
because the atom number in the functional group drops from
four (CH;) to one (H).

We further calculated the overlap energy E,,..,, between Zn
and N atoms of ZIF-8 materials with different functional
groups at 300 K, which was calculated by'*'°

ho
Eoverlap /go(v) EXP(hU/kBT) _ 1dU (5)
where go(v) is the overlap region, 4 is the Planck constant, v is
the phonon frequency, and 1/(exp(hv/kzT) — 1) is the Bose—
Einstein distribution.

As illustrated in Figure S4 in the Supporting Information,
the E e, Of four ZIF-8 materials has the same trend with their
thermal conductivity (see Figure 2c). In other words, ZIF-
8(CHs;) has the largest overlap energy, successively followed
by ZIF-8(H), ZIF-8(Br), and ZIF-8(Cl). This result proves
that the overlap energy between the Zn and N atoms of ZIF-8
materials has a positive correlation with their thermal
conductivity, which is consistent with the results reported in
previous studies.'>'°

3.2. Pressure Effect. As we stated above, because of their
porous structure and large surface area,* MOFs can be widely
applied in energy storage, such as hydrogen storage and
ethanol absorption. The gas absorption/desorption process
inside MOFs can significantly change the __pressure, which
would affect the thermal transport property.”” Moreover, as a
material possesses a high porosity, understanding the structural
stability of MOFs under a high ambient pressure is also
important for MOFs in the energy storage application under
complex physical environments. Here, taking the same four
ZIF-8 materials, that is, ZIF-8(H), ZIF-8(CHj,), ZIF-8(Cl),
and ZIF-8(Br), as typical examples, we further investigate the
effect of pressure on the thermal conductivity and structural
stability of MOFs, which was implemented with the aid of
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equilibrium MD simulations detailed above. Here, a certain
hydrostatic pressure was applied by specifying a pressure in the
NPT relaxation stage of the simulation.

Figure S shows the thermal conductivities of four ZIF-8
materials under different hydrostatic pressures ranging from 0
to 1.0 GPa. From this figure, it can be found that the thermal
conductivity decreases first with increasing pressure and then
encounters a sharp raise accompanied by phase transformation.
Comparing with the porous crystal structure, the dense phases
were observed when the pressure is greater than a certain
critical value as plotted in Figure 6. The critical transformation
pressure is 0.8 GPa for ZIF-8(H), 0.6 GPa for ZIF-8(CHj,),
and 0.4 GPa for both ZIF-8(Cl) and ZIF-8(Br). The
configurations of both porous and dense phases are plotted
in Figure S5. The crystal-to-amorphous transition was found in
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ZIF-8 materials when they transform from porous phase to
dense phase with increasing pressure. We adopted the same
algorithm and approach employed before (see Figure 1b) to
calculate the change of porosity. As shown in Figure 6, the
porosity of all ZIF-8 materials drops sharply to zero after the
phase transformation. This phase transformation is also
accompanied with a sudden change of the volume, which
corresponds to an intense increase of the volume strain. It
should be noted that there is an interesting phenomenon
during the configuration evolution of ZIF-8 materials with
increasing pressure. As shown in Figure S6, the effective
volume moduli were calculated by performing the linear fitting
to volume strain—pressure curves of ZIF-8 before the phase
transition. It can be found that the effective volume modulus
and the critical transformation pressure of ZIF-8 materials have
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an opposite dependence on their functional group. The order
of effective volume modulus is as follows: ZIF-8(H) < ZIF-
8(CH,) < ZIF-8(Cl) < ZIF-8(Br), which is consistent with
that of their compression elastic constants and their flexible/
stiff nature (ZIF-8(CHj,) and ZIF-8(Cl) are flexible while ZIF-
8(Br) is stiff) reported in previous research studies.’*®
However, the order of critical transformation pressure of
different ZIF-8 materials is as follows: ZIF-8(H) > ZIF-
8(CH,) > ZIF-8(Cl) ~ ZIF-8(Br).

It is revealed by Coudert et al.”® that the instability of a ZIF-
8 material is generally induced by its shear mode softening, as
the shear modulus usually decreases with increasing pressure.
Inspired by this point, as plotted in Figure 7a, we calculated the
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Figure 7. (a) Evolution of the stability criteria of ZIF-8 with different
functional groups as a function of hydrostatic pressure. The inset
shows the shear strain fluctuation of ZIF-8(CH,) under 300 K and 0
GPa. (b) VDOS of ZIF-8(CH,) under different pressures.

shear elastic constant C,, of ZIF-8 without pressure by using
the strain fluctuation method (see the inset in Figure 7a).” It
is found that ZIF-8(H) has a maximum C,, of 4.85 GPa,
followed by 2.65 GPa of ZIF-8(CH,), while ZIF-8(Cl) and
ZIF-8(Br) have a much smaller C,,, which is only 1.52 and
1.38 GPa, respectively. When the hydrostatic pressure is
applied, the shear elastic constant C,, of all ZIF-8 materials is
found to decrease with increasing hydrostatic pressure.
Specifically, the decline rates of ZIF-8(H), ZIF-8(CH3),
ZIF-8(Cl), and ZIF-8(Br) are —6.145, —5.634, —6.029, and
—5.819, respectively, which were obtained by performing a
linear curve fitting to the date shown in Figure 7a. These
results are in good agreement with —5.57 suggested by
Coudert et al.*® The Born stability condition® for a cubic
crystal under a hydrostatic pressure P, C,,—P > 0, was adopted
to examine the mechanical instability of four ZIF-8 materials
with different functional groups and under different pressures.
As shown in Figure 7a, the phase transition (mechanical
instability) of ZIF-8(Br) and ZIF-8(Cl) happens under a
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pressure ranging from of 0.2 to 0.4 GPa because they have a
relatively low C,,. However, as for ZIF-8(H) and ZIF-8(CHj),
the mechanical instability happens only when the applied
pressure is in the range of 0.6—0.8 and 0.4-0.6 GPa,
respectively, because they possess a much larger C,,. The
results obtained from the mechanical instability analysis are
consistent with our MD simulations, which demonstrates that
the critical transformation pressure is determined by the shear
stiffness of the MOFs rather than their volume modulus. This
mechanism can also be utilized to explain the origin of the
difference between the volume modulus and critical trans-
formation pressure of four ZIF-8 materials (see Figure S6).

The pressure-dependent thermal conductivities of ZIF-8
materials have different trends at their porous and dense
phases. At the porous phase, the thermal conductivity reduces
with the increasing pressure. For example, the thermal
conductivity of the conventional ZIF-8(CH,) reduces from
0.165 to 0.129 W m™" K™' when the applied pressure increases
from 0 to 0.6 GPa. Among all four ZIF-8 derivatives, ZIF(Br)
is a material most sensitive to the pressure, whose thermal
conductivity drops by 31.5% by applying a pressure before the
onset of phase transition. This reduced thermal conductivity
with increasing pressure is consistent with the results observed
in other nanomaterials such as monolayer and three-dimen-
sional graphene.””*' The squeeze of ZIF-8 materials under
pressure will increase the interaction among atoms, which
results in a great increase of their phonon group velocity. As a
result, it is thus anticipated that the pressure can increase the
lattice-mode thermal conductivity. On the other hand, the
volume contraction can also cause activation of soft buckling
modes in the linker arms of ZIF-8 similar to that observed in
the negative thermal expansion of its MOF-5 counterpart,***
which can aggravate the phonon scattering. In addition, the
shear mode softening of the material caused by increasing
pressure as plotted in Figure 7a could be another factor
responsible for the intensified phonon scattering. Thus, the
competition between the adverse effects of pressure on the
phonon group velocity and the phonon scattering determines
its final effect on thermal conductivity.”” From the above
results, we can conclude that the phonon scattering stands out
in this competition.

The thermal conductivities of all four ZIF-8 materials have a
sudden rise after the phase transition, leading to their thermal
conductivities at the dense phase significantly larger than those
at their porous phase. The largest thermal conductivity locates
at the highest pressure of 1.0 GPa. Generally, compared to the
ZIF-8 materials in the absence of pressure, the thermal
conductivity of ZIF-8(H) and ZIF-8(CHj,) under a hydrostatic
pressure of 1.0 GPa can be increased by 20.9 and 38.1%,
respectively. When the same pressure of 1.0 GPa is applied, the
thermal conductivity of other two ZIF-8 derivatives ZIF-8(Cl)
and ZIF-8(Br) can be increased by up to 89.0 and 104.9%,
respectively. Thus, it can be concluded that the thermal
transport inside ZIF-8(Cl) and ZIF-8(Br) is much more
sensitive to the pressure than their ZIF-8(H) and ZIF-8(CHj,)
counterparts. To explain the different thermal transport
behaviors of ZIF-8 before and after phase transition, taking
ZIF-8(CHj;) as an example, we calculated its VDOS within the
porous phase and dense phase (see Figure 7b). Here, in Figure
7b, we show four VDOS of ZIF-8(CHs;) under 0, 0.4, 0.6, and
1.0 GPa, which, respectively, correspond to the absence of
pressure, the pressure just before phase transition, the pressure
just after phase transition, and the maximum applied pressure.
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When the applied pressure increases from 0.4 to 0.6 GPa and
from 0.6 to 1.0 GPa, the intensity of phonon modes/peaks at
20—40 THz reduces significantly, which may further result in
the reduction of thermal conductivity. In addition, as for the
low-frequency modes (at 0—10 THz), a remarkable difference
is observed between the VDOS of porous phase (0, 0.4 GPa)
and dense phase (0.6, 1.0 GPa), which indicates the change in
heat transport mode.

According to the kinetics theory of gases,” the thermal
conductivity of crystal lattice is proportional to volumetric heat
capacity. In fact, the porous structure of MOFs leads to a low
volumetric heat capacity, which is an important factor
responsible for its extremely low thermal conductivity. Taking
ZIF-8(CH;) as an example, we calculated its volumetric heat
capacity with increasing pressure. The obtained results
together with the simulation details are illustrated in the
Supporting Information. It is shown in Figure S7a that, when
the temperature grows from 250 to 350 K, a linear relationship
is observed between the energy density E and the temperature
T. Thus, the volumetric heat capacity can be calculated by
performing a linear curve fitting to the obtained E—T curve. As
shown in Figure S7b, no significant changes are found in the
volumetric heat capacity with increasing pressure at the porous
phase. However, when the pressure exceeds a critical value, the
phase transition results in a great increase of volumetric heat
capacity. The sharp decrease in volume and porosity of ZIF-8
materials after phase transition results in an intense increase of
their volumetric heat capacity, which is the major reason for
inducing the increase of thermal conductivity at the dense
phase. Here, we can also find a competition mechanism
between different effects of pressure on the thermal
conductivity of ZIF-8. On the one hand, the applied pressure
can aggravate the phonon scattering and thus reduce the
thermal transport. On the other hand, the increased volume
strain and porosity due to pressure can increase the volumetric
specific heat, which will further enhance the heat current
transportation inside the ZIF-8 materials. At the porous phase,
the pressure-induced phonon scattering aggravation becomes
dominant. However, after the phase transformation, the
volumetric heat capacity enhancement due to the applied
pressure becomes more important because the volume and
porosity of ZIF-8 materials have a sudden and great reduction.

3.3. Temperature Effect. Figure 8 shows the influence of
temperature on the thermal conductivity of ZIF-8 materials
obtained from MD simulations. Because the ZIF-8 samples can
decompose at a temperature larger than 800 K, the
temperature chosen here ranges between 300 and 800 K.
Generally, no evident temperature dependence is observed in
the thermal conductivity of all ZIF-8 materials, which can be
attributed to the fact that the relative contribution of long-
range acoustic phonons is slightly dependent on temperature.
Actually, a similar temperature-independent thermal con-
ductivity is also observed in some other MOFs such as
MOEF-5."" Although in a recent MD simulation study'’
utilizing a different force filed the thermal conductivity of
ZIF-8(CH,) is found to grow with increasing temperature, this
effect of temperature is extremely small. By averaging the
values of thermal conductivities under different temperatures
shown in Figure 8, the thermal conductivity of different ZIF-8
materials obeys the following order: ZIF-8(CH,) > ZIF-8(H)
> ZIF-8(Cl) > ZIF-8(Br). This order is basically consistent
with the results obtained at 300 K (see Figure 2b), expect that
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at 300 K ZIF-8(Br) shows a lower thermal conductivity than
that of ZIF-8(Cl).

4. CONCLUSIONS

In summary, equilibrium MD simulations were performed to
investigate the thermal transport properties of ZIF-8 with
different functional groups. It is shown that the thermal
conductivity of different ZIF-8 materials under room temper-
ature 300 K follows the order ZIF-8(CH;) > ZIF-8(H) > ZIF-
8(Br) > ZIF-8(Cl). Specifically, the thermal conductivities of
three ZIF-8 derivatives ZIF-8(H), ZIF-8(Br), and ZIF-8(Cl)
are 0.1652, 0.1418, and 0.1384 W m ™" K™, respectively, which
is 5.22, 18.65, and 20.60% lower than that of the conventional
ZIF-8(CH,;) (0.1743 W m™' K!). The reduction in the
thermal conductivity of ZIF-8 induced by imidazolate linker
substitution is explained by a damping effect caused by the
acoustic mismatch because there exists an intense mass
mismatch between the functional groups (—H, —Br, and
—Cl) and the linked carbon atom in the skeleton. In addition,
the dependence of thermal conductivity of ZIF-8 on pressure
and temperature is also examined. It is found that when the
applied pressure exceeds a critical value, ZIF-8 experiences a
phase transition from the porous configuration to a dense
structure. At the porous phase, as the phonon scattering plays
the dominant role, the thermal conductivity of ZIF-8 decreases
with increasing pressure. However, at the dense phase, the
sharply reduced volume and porosity of ZIF-8 after phase
transition results an intense increase of the volumetric heat
capacity, leading to the increase of thermal conductivity of
ZIF-8. Specifically, the phase transition at a high pressure 1.0
GPa can increase the thermal conductivity of different ZIF-8
materials by 20.9—104.9%. The thermal conductivity of ZIF-8
is found to be independent on temperature, which is attributed
to the small relative contribution of the long-range acoustic
phonons. It is expected that the outcomes of this study can
expand our current knowledge of heat transport mechanisms
insidle MOFs with different architectures and, meanwhile,
provide helpful insights into the thermal controlling in future
applications of MOFs, especially on gas adsorption and energy
storage.
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