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ABSTRACT

The thermal conductivity of amorphous structure is generally thought to be lower than that of its
crystalline counterpart. However, recent experiments show the thermal conductivity of amorphous
metal-organic frameworks can be higher than that of their crystalline counterparts, which is explained
by the higher atomic number density in the amorphous metal-organic frameworks. To tune the thermal
transport properties of the metal-organic frameworks through the amorphous structures, it is necessary
to understand the scattering picture among the heat carriers in metal-organic frameworks. Here, by
quantitively characterizing the heat carriers based on the mean free path in the example systems, i.e.,
amorphous ZIF-4 and crystalline ZIF-4, we find that there are longer mean free path vibrations existing in
amorphous ZIF-4 comparing to that of crystalline ZIF-4. At the same time, the density or equivalently the
volumetric heat capacity of amorphous ZIF-4 is found to be increased around 50 % comparing to that of
the crystalline ZIF-4. As a result, the thermal conductivity of amorphous ZIF-4 can be 1.7 times higher
than that of its crystalline counterpart. Meanwhile, both amorphous and crystalline ZIF-4s show weak
temperature dependent thermal conductivity, which is resulting from the local structural discontinuity
for crystalline ZIF-4 and intrinsic harmonicity of the heat carriers in amorphous ZIF-4. Our study provides
a fundamental understanding of thermal transport in ZIF-4, and suggests the amorphous ZIF-4 may have
advantages in its thermal-related applications, e.g., inflammable gas storage, chemical catalysis and solar
thermal conversion and so on.

© 2021 Elsevier Ltd. All rights reserved.

Metal-organic frameworks (MOFs), which have extremely high
porosity and internal surfaces areas, have attracted intensive
attention in the applications of gas storage [1] and separation [2].
Unlike ordered crystalline MOFs have been well studied [1—-9], the
role of disorder, defects, and structural flexibility in installing
beneficial physical properties is recently starting to be focused
[10—14]. Crystallinity is not a prerequisite for many attractive
properties of MOFs as mentioned above, and therefore, it is possible
to produce glass MOFs with gas-uptake properties [14], even better
mechanical stability [12,14], invisible gas storage [11] and so on.
Meanwhile, rapid gas loading can result in sharp temperature rises
since the gas adsorption is exothermic, and then leads to the
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reduction of the gas adsorption capacity [15,16] and even accidents
[17,18]. It has been observed that the temperature of the MOFs in-
creases 100—250 K during the high pressure CH4 or CO; loading in
the adiabatic limit (i.e., nearly instantaneous gas loading) [19].
Therefore, understanding the thermal transport in MOFs is critical
for optimizing the thermal design of these MOF-related structures
and materials [15,16,20—28]. A most recent study shows that
amorphous zeolitic imidazolate framework (ZIF)-4 and amorphous
ZIF-62 can have better thermal transport properties than their
crystalline counterparts [13], which, in turn, suggests the possible
advantages of amorphous MOFs in the thermal related applications.
Moreover, from a fundamental perspective, understanding of
thermal transport in amorphous materials is still elusive, and much
less advanced compared to that of the crystals [29—34]. Despite
these recent progress in these thermal transport properties’
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characterization in amorphous MOFs, the scattering picture of the
heat carriers and the underlying mechanism of the higher thermal
conductivity in amorphous MOFs, are further needed to be
investigated.

In this paper, the thermal transport properties are quantitatively
analyzed in amorphous ZIF-4 and crystalline ZIF-4, using reaction
force filed atomistic simulations. The transmission coefficient of the
vibrational modes in amorphous ZIF-4 is found to be higher
generally than that in crystalline ZIF-4, which is caused by the fact
that more possible channels for thermal energy transfer in amor-
phous ZIF-4 due to the collapse of the internal pores. Our vibra-
tional spectral analysis supports that the vibrational modes in
amorphous ZIF-4 can have longer mean free paths comparing to
that in crystalline ZIF-4. Consequently, the thermal conductivity of
amorphous ZIF-4 can be 1.7 times higher than that of crystalline
ZIF-4. At the same time, both the amorphous ZIF-4 and crystalline
ZIF-4 show temperature independent thermal conductivities
resulting from the strong phonon intrinsic structure scattering due
to the large mass difference and the structural discontinuity.

The crystalline ZIF-4 with 7344 atoms is firstly equilibrated at
1500 K for 62.5 ps and then cooled to 300 K in the NPT (constant
particle number, pressure and temperature) ensemble with a
cooling rate of 10 K/ps and a pressure of 1 atm. The structures are
later equilibrated at 300 K for another 62.5 ps in the NPT (constant
particle number, pressure and temperature) ensemble to reduce
the meta-stabilities. The interactions among the atoms for all the
cases are depicted using the reactive force field (ReaxFF) [35]. The
generated amorphous structures were then annealed from 300 K to
700 K for 37.5 ps in the NVT (constant particle number, volume and
temperature) ensemble. The heat current of the next 5 ps with a
sampling interval of 0.5 fs in the NVE (constant particle number,
volume and energy) ensemble used to calculate the thermal con-
ductivity based on the Green-Kubo equilibrium molecular dy-
namics (GKEMD) simulations [36]. The timestep in all our
simulations is 0.25 fs, and periodic boundary conditions were
applied in all three directions. All the simulations are run using the
large-scale atomic/molecular massively parallel simulator
(LAMMPS) [37]. The comprehensive calculations can be found in

our previous study [38]. The heat current 6 used to calculate the
thermal transport behaviors in the systems is computed via [39]:

Q= _Z?i7i~, (1)

where 7'; refers to the atomic velocity, ?i is the symmetric stress

tensor of atom i. the detailed expression of ?i can be found in
Ref. [27]. The conductive thermal conductivity tensor « can be
accessed based on the Green-Kubo theory [36]:

1 7=
¢ =Eve luz(r) ® Q(0)dt, @)

where k;, is the Boltzmann constant, Vis the system volume, T is the
system temperature and t denotes the autocorrelation time. The
angular bracket indicates ensemble averaging. For each case, 20
independent runs are performed to obtain a stable averaged «.
Fig. 1a show the structure of crystalline ZIF-4. In each Zn** atom
forms a tetrahedron by linking to four N atoms of the organic
groups. The lattice constant of the unit cell is 1.52 nm. Fig. 1b and
d shows the schematic pictures of crystalline ZIF-4 and amorphous
ZIF-4, respectively. The amorphous ZIF-4, has a distinctive atomic
configuration, and the Zn coordination in it is dominated by 3- and
4-fold configurations (Fig. 1c) [35]. That means the Zn?* atoms form
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tetrahedrons and trihedrons in amorphous ZIF-4. The densities of
crystalline ZIF-4 and amorphous ZIF-4 are 1.10 g/cm® and 1.67 g/
cm?, respectively. The density of crystalline ZIF4 here is lower than
the crystallographic density 1.22 g/cm® [10], and other reported
values of 1.28 g/cm? [35] and 1.25 g/cm? [10]. The difference may
because: i, the simulations in this paper are implemented in an
environment with a standard atmospheric pressure; ii, the different
potential addressed in this paper; iii, the structure source (Crys-
tallography Open Database for this paper and Cambridge Structural
Database for reference [35]). The density of amorphous ZIF-4 is
1.67 g/em® which is slightly higher than the existing computational
values of 1.62 g/cm? [35] and 1.60 g/cm?® [10]. The pore size dis-
tribution among the two phases is plotted in Fig. 1e. The porosity of
crystalline and amorphous ZIF-4s is analyzed using the software
Porosity Plus [40], which uses Monte Carlo integration-based
method to compute the accessibility to arbitrary probe sizes. To
determine the porosity of crystalline and amorphous ZIF-4, a probe
particle with a radius of 0.1 nm is inserted into the model at a
random position and is checked to ensure that it does not overlap
any atoms. If it does not, the insertion is accepted and the fraction of
accepted moves to total attempted moves is the value of porosity or
volume fraction [40]. The pore structure in the crystal phase is
found to have a discrete peak distribution (Fig. 1e), consistent with
the studies by Thornton et al. [41] and Yang et al. [35], while the
pore size in amorphous ZIF-4 is broadly distributed between 0.2 nm
and 0.6 nm (Fig. 1e), in agreement with the positron annihilation
lifetime spectroscopy measurements [42] and the calculated results
of Yang et al. [35].

Fig. 2a shows the time dependent thermal conductivities of
crystalline and amorphous ZIF-4s at 700 K. It is found that the
correlation time of 4 ps considered in our simulation is long enough
to obtain the converged thermal conductivity. Fig. 2b shows the
temperature dependent thermal conductivities of crystalline ZIF-4
along three directions and amorphous ZIF-4. The thermal conduc-
tivities of both crystalline ZIF-4 along three directions and amor-
phous ZIF-4 are found to be temperature independent, which
should be resulting from the strong phonon intrinsic structure
scattering (see the mean free path distribution below). For many
MOFs, e.g., crystalline ZIF-4 and amorphous ZIF-4 in our case, vi-
brations are scattered strongly when they transfer thermal energy
from the organic sites to the metal atoms because of the large mass
difference between the two types of atoms, the possible rotation of
the C-N structure and the large internal surface area between the
metal atoms and the organic sites (Fig. 1). Consequently, MOFs
generally have small and weak or even glass-like temperature-
dependent thermal conductivities, i.e., below 1 W/mK, as observed
in our study and several others [13,25—28,43,44]. The authors also
find the thermal conductivity of amorphous ZIF-4 has a value of
around 0.42 W/mK which is higher than that of its crystalline
counterpart. While the thermal conductivities of both crystalline
and amorphous ZIF-4s are almost temperature independent as
shown in Fig. 2, the mechanisms for this should be different for
crystalline and amorphous ZIF-4s. Firstly, we emphasize that the
Zn-N bonds are critical for the thermal energy exchange in crys-
talline and amorphous ZIF-4 as they connect the vibrations be-
tween the organic sites and the metal atoms. In crystalline ZIF-4,
the density of Zn-N bonds is small because the high faction of in-
ternal pores occupies a quite large volume (e.g., 89.3 % for crystal-
line ZIF-4), which will cause large local structural discontinuity
(Fig. 1f) and make the thermal energy exchange between Zn and N
in ZIF-4 inefficient. The vibrational mean free path of crystalline
ZIF-4 is quite short due to the extremely strong vibration structure
scattering due to large structural discontinuity (or equivalently
small density of Zn-N bonds), and thus the corresponding thermal
conductivity is low and weakly temperature independent. For
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Fig. 2. (a) The time dependent thermal conductivity of crystalline and amorphous ZIF-4 with 7344 atoms at 700 K. (b) The temperature-dependent thermal conductivity of
crystalline and amorphous ZIF-4s calculated using Green-Kubo equilibrium molecular dynamics (GKEMD) and nonequilibrium molecular dynamics (NMED) simulations. The blue
and black dash lines represent the average values of the corresponding thermal conductivity. The mean thermal conductivity of crystalline ZIF-4 is calculated using these values

along three directions.

amorphous ZIF-4, the local structural discontinuity caused by the
internal pores becomes small (Fig. 1f), and the density of Zn-N
bonds becomes larger comparing to that of crystalline ZIF-4
(Fig. 1b). As a result, the vibrational mean free path in amorphous
ZIF-4 is generally larger than that in crystalline ZIF-4 (see details
below), and the thermal conductivity is higher than that of crys-
talline ZIF-4. However, for amorphous materials, it is known that
the thermal conductivity is temperature independent when all the
vibrations are occupied which is the case in molecular dynamics
simulations [45]. This is because the thermal energy carried by the

propagating modes in amorphous materials is transported through
local fluctuations of elastic modulus which should be temperature
independent [46], and the non-propagating modes in amorphous
materials transport thermal energy via harmonic coherence be-
tween different vibrational modes [47].

To gain insight of the mechanisms behind the unusual higher
thermal conductivity of amorphous ZIF-4 comparing to that of
crystalline ZIF-4, we calculate the thermal conductivity spectrum,
transmission coefficient and the corresponding mean free paths
(MFPs) of two example systems, i.e., crystalline ZIF-4 at 450 K and
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amorphous ZIF-4 at 450 K, using the heat current spectrum method
[29,48] which is in the frame of nonequilibrium molecular dy-
namics (NEMD) simulations,

+o0

Z 2Re[ J <kgﬂu]@(7)v?(0)>eiw‘rd7_ ,
i e Leftj € Right

Qw) = (3)

—o0

in which, Kgﬂ is the second order force constant between atom i and

j along «f direction, v and u are the atomistic velocity and position,
respectively. Combining the heat current spectrum and Landauer
theory [49], the mean free path (MFP) can be then calculated via
[50—54].

Qi
)= Qe (@) — Q@)

where L and Qpgyisiic(w) are the length of system and ballistic heat
current, respectively. We have validated that the size effect can be
ignored in our NMED calculations, and thus the heat current
spectrum calculated using the model with a length of 12 nm should
be size independent. Therefore, L = 12nm is long enough to
eliminate the size effect in our MFP results. The size of the system
used to calculate the ballistic heat current is 0.8 nm which is around
half of the lattice constant. We emphasize that the MFP smaller
than the length of Zn-N bond is an effective MFP as this corre-
sponding vibration may not be treated as propagating mode (see
analysis below for details). This MFP can be represented by
[3D(w)7(w)]"/2 [55], in which D(w) is the diffusivity and 7(w) is the
relaxation time of these vibrations which may be regarded as non-
propagating modes. The total thermal conductivities of these two
example systems can be also obtained in the NEMD simulations,
and are plotted in Fig. 2b. The NEMD results here agree well with
the former results calculated using GKEMD. It is interesting to find
that the spectral thermal conductivity of the vibration modes in
amorphous ZIF-4 is roughly larger than that of the vibration modes
in crystalline ZIF-4 (Fig. 3a). It is shown that vibrational density of
states (vdos) of amorphous ZIF-4 is higher than that of crystalline
ZIF-4 due to the collapse of internal cavities during the melt-
quenching process (inset in Fig. 3a), and therefore there may be
more possible channels for heat to conduct through the atoms. We
then calculate the vibrational transmission coefficient T(w) in

(4)

g
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crystalline ZIF-4 and amorphous ZIF-4 using T(w) = Q(w)/k,T. Our
calculated vibrational transmission coefficient in amorphous ZIF-4
is generally higher than that in crystalline ZIF-4 (Fig. 3b), which
suggests that there are more possible channels for heat to conduct
through the atoms. We note that the vibrational modes with MFPs
smaller than 0.35 nm (green dashed line in Fig. 4a), i.e., distance
between the metal atom and the center of the organic group
(Fig. 1c¢), and then should transport thermal energy via the coher-
ence between different vibrational modes, contribute by a large
amount to thermal transport in crystalline ZIF-4. These vibrations
in crystalline ZIF-4 have MFPs smaller than 0.35 nm (Fig. 4a) cannot
be regarded as wave-like vibrations since they do not propagate far
enough to sample the periodicity of the medium [47]. However, in
amorphous ZIF-4, there are many vibrations have MFPs larger than
0.35 nm which may transfer thermal energy via the populations of
the vibrational modes. We emphasize that it is challenge to quan-
titively connect the vibration surface scattering to fitted mean free
path since we cannot calculate the vibrational scattering rate in
such complicate systems. Further study on quantifying the vibra-
tion scattering rate in such complicate systems is quite necessary
and important.

The thermal conductivity accumulation function
k(4g) = > k() of vibrational modes is then calculated to quan-
A< Ay

titatively characterize the contribution of heat carriers in the
crystalline ZIF-4 and amorphous ZIF-4. Our results (Fig. 4b) show
that the vibrations with MFP smaller than 0.35 nm in crystalline
ZIF-4, which should transport thermal energy via the coherence
between different vibrations, contribute to around 90 % of the total
thermal conductivity. However, these vibrational modes with MFPs
larger than 0.35 nm to around 40 % of the total thermal conductivity
in amorphous ZIF-4. As a consequence, the thermal conductivity of
amorphous ZIF-4 is higher than that of crystalline ZIF-4 partly
because most of the vibrational modes in amorphous ZIF-4 have
better thermal transport capacities than the corresponding vibra-
tional modes with same vibration frequencies in crystalline ZIF-4,
which agrees well with the experimental measurements [13]. The
authors emphasize that the computed thermal conductivities of
amorphous ZIF-4 and crystalline ZIF-4 are larger than the experi-
mental values [13]. The possible reasons for this may be from three
aspects: i, there may be defects such as impurities and grain
boundaries, existing in their experimental samples; ii, the poten-
tials chosen to depict the atomic interactions may be not accurate

10
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Fig. 3. (a) The spectral thermal conductivity and (b) the transmission coefficient of the corresponding systems calculated using the frequency domain direct decomposed method.

The inset in (a) is the vibration density of state of crystalline and amorphous ZIF-4s.
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enough; iii, bulk crystals in our calculations while small crystals
separated by voids in the experiments. However, both experi-
mental measurements and the calculations in this paper show that
amorphous ZIF-4 should have a better energy exchange ability than
its crystalline counterpart.

Furthermore, it is known that thermal conductivity can be
computed via k = CyD = kypD/m, in which, Cy is the volumetric
heat capacity and is calculated via k;/V in molecular dynamics, p is
the density, m is the mass of the system and D is the diffusivity.
Therefore, the improvement of the thermal conductivity for
amorphous ZIF-4 comparing to that for crystalline ZIF-4 is resulting
from to both the change of density and diffusivity. In our results, the
thermal conductivity (density) of amorphous ZIF-4 is increased
70 % (50 %) comparing to that of the crystalline ZIF-4, which in-
dicates the other 20 % enhancement of thermal conductivity is from
the diffusivity. The diffusivity is related to the effective vibrational
mean free path, i.e., D ~ 4. As a result, the improvement of thermal
conductivity of amorphous ZIF-4 is resulting from both the increase
of density and longer vibrational mean free path. To further
investigate the influence of density on the thermal conductivity of
ZIF-4s, we calculate the thermal transport properties of crystalline
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Fig. 5. The density dependent thermal conductivities of crystalline and amorphous
ZIF-4s. The density is normalized by dividing 1.1 g/cm®.

ZIF-4 with various density via applying the pressure on the systems
(Fig. 5). Our results show that the thermal conductivity of crystal-
line ZIF-4 is strongly dependent on its corresponding density or
equivalently volumetric heat capacity. This is because the crystal-
line ZIF-4 has a super high faction of internal pores, which indicates
the volumetric heat capacity of crystalline ZIF-4 is quite sensitive to
the change of the volume or density. While for the amorphous ZIF-
4, the thermal conductivity shows a weak density dependence
because of the dense structure of amorphous ZIF-4. Systematic
investigations on the mechanism of how the density or volumetric
heat capacity influence the thermal transport properties in crys-
talline and amorphous ZIF-4s will be carried out in our future work.
In conclusion, by performing ReaxFF atomistic simulations and
spectral heat current analysis, we show that the vibrational modes
in amorphous ZIF-4, have longer MFPs with respect to the corre-
sponding heat carriers in crystalline ZIF-4. In crystalline ZIF-4, these
vibrational modes with MFPs smaller than the effective length of
the Zn-organic group, i.e., the channel for vibrations to transport
thermal energy from the metal atom site to organic site, contribute
by a large amount to thermal transport via coherence between
different vibrational modes. In amorphous ZIF-4, the vibrations
have MPFs larger than the effective length of Zn-organic group, and
therefore may be regarded as wave-like vibrational modes, con-
tributes to 40 % of the total thermal conductivity. Meanwhile, the
density or equivalently the volumetric heat capacity of amorphous
ZIF-4 is found to be increased around 50 % comparing to that of the
crystalline ZIF-4. As a result, the thermal conductivity of amor-
phous ZIF-4 is higher than that of its crystalline counterpart.
Furthermore, the thermal conductivities in both crystalline and
amorphous ZIF-4s show weak temperature dependences because
the local structural discontinuity for crystalline ZIF-4 and intrinsic
harmonicity of the heat carriers in amorphous ZIF-4. Our in-
vestigations here provide a physical map of the thermal transport
in crystalline and amorphous ZIF-4, and suggest that the amor-
phous ZIF-4 or maybe other MOFs have advantages than their
crystalline counterparts in the thermal-related applications.
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