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ABSTRACT: Metal—organic frameworks are promising nanoporous materials for
adsorption heat pumps (AHPs) using water and alcohols as working fluids due to
their ultrahigh surface area. The heat transfer in porous crystals containing adsorbed
gases is vital for their performance in adsorbed natural gas storage or AHPs.
However, limited attention has been paid to their thermal properties. In this study,
equilibrium molecular dynamics simulations were performed to investigate the
impacts of ethanol/water adsorption on the thermal conductivity of zeolitic
imidazolate framework-8 (ZIF-8). The results demonstrated that the thermal
conductivity of ZIF-8 increased from 0.16S to 0.319 W m~' K™' with the increased
number of adsorbed ethanol molecules. On the contrary, the thermal conductivity
of ZIF-8 upon water adsorption is approximately 0.190 W m~! K7, which is not
significantly affected by the number of adsorbed water molecules. Such a different
tendency may be ascribed to the different interaction strengths between ZIF-8 and
gas molecules. In addition, the larger overlap energy in the vibrational density of state of ZIF-8/ethanol than that of ZIF-8/
water also correlates with the higher thermal conductivity of the ZIF-8/ethanol system. This work provides molecular insights
into the effects of ethanol/water adsorption on the thermal conductivity of ZIF-8, which may inspire further exploration of
novel techniques to improve the heat transfer performance of practical applications.
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1. INTRODUCTION due to interactions with gas molecules. In addition, MD
simulations also revealed that methane imposed insignificant
impacts on the thermal conductivity of idealized metal—
organic frameworks."*

From the above studies, the adsorption of either hydrogen
or methane gas that exhibits weak interaction with MOFs does
not make remarkable contribution to the thermal conductivity
of MOFs. However, the thermal conductivity of MOFs upon
polar gas adsorption such as water or alcohols has been rarely
reported. Besides, from the perspective of experimental
measurements, heat transfer performance of MOFs has been

Metal—organic frameworks (MOFs) consisting of metal
clusters and organic linkers are a unique class of hybrid
porous materials that has been used in gas storage,”” gas
separation,3 sensing,4 caltalysis,5 and water harvesting from air®
due to their large surface area and high porosity.” MOFs are
also recognized as potential adsorbents for adsorbed natural
gas storage® '* and adsorption heat pumps (AHPs) using
water and alcohols as working fluids."" Heat transfer has been
involved in gas adsorption and desorption processes of these

applications. Thus, the thermophysical properties of MOFs are ) - i
crucial in determining how quickly storage vessels can be scarcely measured. Until now, thermal conductivities of single-
flled' or emptied. crystal zeolitic imidazolate framework-8 (ZIF-8)," MOF-1,"¢

The thermal conductivities of MOTFs with adsorbed and MOF-5'7 at room temperature have been measured to be
0.33, 1.3, and 0.32 W m™ K™/, respectively, which agrees with
the predicted results by MD simulations (0.31 W m™' K™! for

transfer properties of MOF-S with adsorbed hydrogen and MOEF-5'" and 0.165 W m I.K. .1 for ZIF-8"%). The .remarkably
deuterium by molecular dynamics (MD) simulations. It was en.hanced thermal conductivities F’f Cu-BTC, UiO-66, ar%d
revealed that the thermal conductivity of MOEF-S was slightly UiO-67 upon water vapor adsz,grptmn have been observed in
increased upon hydrogen adsorption, which was ascribed to experimental measurements,” implicating the significant

additional channels for heat transfer from nodes to linkers

hydrogen and methane have been investigated by molecular
simulation in recent studies. Han et al.' investigated heat

provided by gas adsorption. Babaei et al."* demonstrated the Received: August 27, 2019
slightly decreased thermal conductivity with methane uptake, Revised:  October 23, 2019
which was mainly the result of phonon scattering in the crystals Published: October 23, 2019
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Figure 1. ZIF-8 unit cell and 2 X 2 X 2 supercell structure. Zn (cyan polyhedron), N (medium slate blue sphere), C (gray sphere), and H (white
sphere). The large blue spheres represent the largest cavities that would fit in the pore of the framework.
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Figure 2. Thermal conductivity of ZIF with adsorbed (a) ethanol/(b) water at 300 K as a function of correlation time in systems. (c) Thermal
conductivity of ZIF-8 as a function of adsorbed number of ethanol/water molecules. (d) Increment of thermal conductivity (Ak) relative to the

total thermal conductivity (k).

influence of water adsorption on the thermal conductivity of
MOFs. However, the impacts of adsorption of different polar
gases on the thermal conductivity of MOFs remains to be
explored.

In this study, both ethanol and water were used as
adsorbates. ZIF-8 was chosen as a representative MOF due
to its high chemical, mechanical, and thermal stabilities.
Besides, ZIF-8 is known to exhibit a high ethanol adsorption
capacity and low water uptake due to its high hydro-
phobicity.” ~** Therefore, ZIF-8 can be a good example of
typical MOF to demonstrate the influences of the polar gases
that exhibit different affinities toward ZIF-8 on its thermal
conductivity. Therefore, the effects of ethanol and water
adsorption on the thermal conductivity of ZIF-8 were
investigated by MD simulations in this work.

2. METHODOLOGY

ZIF-8 is composed of a zinc node and the organic ligand: 2-
methylimidiazole in sodalite zeolite-like topology™ with a
space group of I43m. A 2 X 2 X 2 supercell of ZIF-8 was used
for molecular simulation as shown in Figure 1. The force field
of ZIF-8 was adopted from Hu et al.’s study,”* which has been
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validated for accurately describing the crystalline, mechanical,
and thermophysical properties of ZIF-8. The ZIF-8 framework
is flexible throughout MD simulations. Regarding adsorbates,
TraPPE force field*>™*7 for ethanol and TIP4P/2005 model*®
for water were employed in simulations. The TIP4P/2005
model for water has been validated to exhibit high accuracy in
predicting the thermodynamic properties”™ and is in good
agreement with experimental measurement of thermal
conductivity.”” The detailed force field parameters have been
provided in Tables S1—S4 of the Supporting Information. The
initial configurations of ZIF-loaded ethanol/water molecules
were obtained from grand canonical Monte Carlo (GCMC)
simulation, the MD simulations of ethanol/water loaded in
ZIF-8 were taken from the snapshots of equilibrated grand
canonical Monte Carlo (GCMC) simulation using RASPA
1.9,%° in which 2, 4, 6, 8, and 10 ethanol/water molecules were
randomly inserted into ZIF-8 with equal probability of rotation
and translation. A total of 2 X 10* Monte Carlo cycles were
implemented, with 1 X 10* cycles for equilibration and 1 X 10*
cycles for production, from which the interaction between ZIF-
8 and adsorbates can be obtained.

DOI: 10.1021/acs.jpcc.9b08187
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Figure 3. (a) Host—adsorbate and (d) adsorbate—adsorbate interaction energy as well as contributions from (b, e) van der Waals and (¢, f)

Coulombic interactions.

Equilibrium molecular dynamics simulations are used to
calculate the required instantaneous heat flux terms. All
simulations was carried out using the large-scale atomic/
molecular massively parallel simulator package.”’ The ethanol/
water-loaded ZIF-8 was first relaxed at 300 K and 1 bar for 1 ns
using the Nosé—Hoover thermostat and barostat.>*>>*> Then,
MD simulation was performed in NVT (constant number N of
particles, volume V and temperature T) ensemble for 2 ns,
followed by simulation in NVE (constant number N of
particles, volume V and total energy E) ensemble for 1 ns. The
time step used in the MD simulation was 1 fs. The Green—
Kubo method®* based on calculating the instantaneous heat
flux in an equilibrium MD simulation were applied to predict
the thermal conductivity as in eq 1

— V T ._)
f= o JUOT@) &

(1)

where V is the volume, ky is the Boltzmann constant, T is the
temperature, ] is the heat flux, and ( ) is the time average.'”
(J(0)-J(t)) can be defined as the heat current autocorrelation
function (HCACEF).

HCACEF = (J (0)-] (1)) (2)

To achieve the convergence for the thermal conductivity of
ZIF-8 with adsorbed ethanol/water, every successive 10 ps of
heat current data was used for estimating the thermal
conductivities, which achieves the convergence when
HCACEF is close to zero.

3. RESULTS AND DISCUSSION

Figure 2a,b shows the thermal conductivity as a function of
time, implicating that the thermal conductivity converges
slowly and reaches a constant value at about 10 ps. It can be
found that the increase in thermal conductivity of ZIF-8 upon
ethanol adsorption (Figure 2a) is obviously higher compared
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with that on water adsorption (Figure 2b). The estimated
thermal conductivity of pure ZIF-8 is 0.165 W m~' K™'. Upon
adsorption of ethanol/water molecules, the thermal con-
ductivity increases with increased number of adsorbed
molecules (Figure 2c). The enhancement is more remarkable
for ethanol/ZIE-8, which increases from 0.165 to 0.319 W m™!
K. On the contrary, no significant increase in water/ZIF-8 is
observed (~0.190 W m™' K™'). At high loading, the thermal
conductivity of ZIF-8 was not remarkably changed with the
increased number of adsorbed ethanol/water molecules
(Figure 2c), which is ~0.396 W m™" K™ for ethanol/ZIF-8
and ~0.227 W m™! K™! for water/ZIF-8. In Figure 2d, the
ratio between the increment of thermal conductivity (Ax)
relative to the pure ZIF-8 and the total thermal conductivity
(k) can clearly demonstrate the distinct impacts of ethanol and
water adsorption on the thermal conductivity of ZIF-8. Such a
tendency may be related to the different host—adsorbate
interaction between ZIF-8 and ethanol/water, which further
imposes effects on the vibration of crystals.

To elucidate the effects of host—adsorbate interaction on the
thermal conductivity of ZIF-8 with adsorbed ethanol/water,
contributions from both van der Waals and Coulombic
interactions for ZIF-8 with adsorbed ethanol/water are
presented in Figure 3a—c. Obviously, the stronger interaction
between ZIF-8 and ethanol was observed compared to water
regardless of the adsorption capacity, which also increased with
the increased number of adsorbed molecules. This trend is
consistent with their thermal conductivity change, implicating
the possible correlation between the host—adsorbate inter-
action strength and thermal conductivity. Further analysis
revealed that the increased host—adsorbate interaction
between ZIF-8 and ethanol is mainly contributed by the van
der Waals (Figure 3b) instead of Coulombic interaction
(Figure 3c). In contrast, the adsorbate—adsorbate interaction
(Figure 3d—f) mainly resulting from the Coulombic
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Figure 4. Vibrational density of states (VDOSs) for the framework (Zn and N) and gas (C, O, and H) atoms of ZIF-8 loaded with (a) ethanol and

(b) water at 300 K.

interaction seems not to contribute much to the thermal
conductivity, which displays the opposite trend to the their
thermal conductivity. Besides, ZIF-8/water exhibits a higher
adsorbate—adsorbate interaction than ZIF-8/ethanol due to
the strong hydrogen network formed in water. However, the
interaction of ethanol—ethanol molecules can be negligible.
Such results manifest that the influence of the interaction of
adsorbate—adsorbate on the thermal conductivity is negligible,
whereas the interaction between ZIF-8 and adsorbates plays a
dominant role. It can be assumed that the ethanol adsorption
may enhance the vibration frequency of ZIF-8 due to their
strong interaction, thus leading to a high thermal conductivity.

To demonstrate such a correlation, the vibrational density of
states (VDOS) of ZIF-8 with the adsorbed ethanol/water was
calculated by taking the Fourier transform of the atomic
velocity autocorrelation function (VACF)™ using the follow-
ing equation

VDOS(v) = / y(t) exp(—2zivt) dt (3)

where v is the frequency, i is the imaginary unit, and VACEF is
defined as

_ (Zu0)-u(1))
(X, 1(0)-4(0)) 4)

Figure 4 shows the VDOS of the framework atoms (i.e., Zn
and N), ethanol, and water atoms (i.e., C, O, and H) at 300 K.
The VDOSs of Zn, O, and C (—CHj, ethanol) are within 0—
10 THz, while the VDOS for N is widely dispersed over 0—60
THz. In addition, the VDOS for C (—CH,, ethanol) is
dispersed over 0—40 THz, and the VDOS of H(ethanol) is
within 0—10 THz and 38—42 THz in Figure 4a. The overlap
between the VDOS of ZIF-8 (Zn and N atoms) and ethanol
(CH,, H, O) atoms suggests the enhanced thermal
conductivity. However, the mismatch in the VDOSs of ZIF-8
and water (H and O) atoms is less evident in Figure 4b,
implicating the lower thermal conductivity upon water
adsorption. The large mismatch between the two VDOSs of
Zn and N may cause interfacial phonon scattering, which
impedes phonon transport at the solid—solid interface and
reduces the thermal conductivity.'” With the increase of the
number of adsorbed molecules, the overlap in the VDOSs of
Zn and N of ZIF-8 from 0 to 10 THz is enhanced.

r(t)

We further calculated the overlapped energy (Eoyerap)
between Zn and N atoms as a function of the number of
molecules in Figure S.

0.012

—@— ZIF-8 loaded with ethanol
—— ZIF-8 loaded with water
0.011

0.010

Overlap Energy (eV)

o
o
=]
©

0.008

0 2 4 6 8 10
Number of molecules

Figure S. Overlapped energy between Zn and N atoms as a function
of the number of molecules of ethanol and water.

The overlap energy'” was estimated by

hv
Ba= fo—
overlap go(V) exp(hv/kBT) _1 v (5)

where E.,, is the phonon energy in the overlap region ),
h is the Planck constant, v is the phonon frequency, and 1/
(exp (hv/kgT) — 1) is the Bose—Einstein distribution.

With the number of adsorbed molecules increasing from 0
to 10, the overlap energy is significantly increased and then
stayed nearly constant, implicating that the gas adsorption
imposed remarkable impacts on the VDOSs of Zn and N
atoms, in turn leading to the enhanced thermal conductivity of
the system. The high overlap energy indicated the high
probability of phonon—gas molecule collisions with the
increased number of adsorbed gas molecules, thus probably
leading to high thermal conductivity. It should be noted that
the thermal conductivity of the system is the combined effects
of each atom in the system rather than simply determined by
the E,yq,, between Zn and N. Furthermore, the higher overlap
energy of ZIF-8/ethanol than that of ZIF-8/water is possibly
ascribed to the stronger interaction between ethanol and ZIF-
8, leading to the better heat transfer in ZIF-8/ethanol.

DOI: 10.1021/acs.jpcc.9b08187
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4. CONCLUSIONS

In this work, we investigated the effects of ethanol/water
adsorption on the thermal conductivity of ZIF-8 by molecular
dynamics simulations. It was found that the predicted thermal
conductivity of ZIF-8 upon ethanol adsorption is higher than
that upon water adsorption, which also increases with the
number of adsorbed ethanol molecules. Such a trend correlates
with the interaction energy between ZIF-8 and adsorbed gas
molecules, ie., the stronger interaction between ZIF-8 and
ethanol gives rise to higher thermal conductivity than the ZIF-
8/water systems. The VDOS analysis demonstrated the
increased overlap between VDOS of Zn and N atoms with
the increased number of adsorbed ethanol molecules, thus
leading to the enhanced overlap energy that is favorable for
heat transfer. It should be noted that the findings from this
work may vary depending on the type of MOFs and
adsorbates. Although further experimental investigation is
required to validate these findings, it is currently a challenging
task due to the limitation of the direct measurement of thermal
conductivity of single MOF crystal with adsorbed gas
molecules. Besides, understanding the heat transfer mechanism
from molecular perspective may provide helpful insights into
the development of new techniques to enhance heat transfer in
nanoporous materials by choosing the proper adsorbents and
adsorbates.
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