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ABSTRACT: The thermal conductivity measurement of
metal—organic frameworks (MOFs), which plays an important
role in thermal management of MOF-based gas separation,
storage, and thermal energy conversion (e.g., adsorption heat
pumps), has been a challenging task for decades. However, the
direct thermal conductivity measurement of a single-crystal
MOF is currently limited by their small crystal sizes, since no
sophisticated approach has ever been reported. In this study, S =
the Raman-resistance temperature detectors (Raman-RTDs) tpema conductivity of:ingb_cw:ta, ZIF-8: 0.64 W-m--K-"
method was developed for in situ measuring of the thermal

conductivity of single-crystal ZIF-8, whose system error resulting from the thermal contact resistance between sample and
RTDs can be eliminated. According to the dependence of thermal resistance of MOF crystals on the laser spot location, the
thermal conductivities of polycrystalline and single-crystal ZIF-8 were derived to be 0.21 + 0.03 and 0.64 + 0.09 W/(m'K),
respectively. The proposed in situ thermal conductivity measurement method may be further extended to other types of
microscale particles.
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etal—organic frameworks (MOFs) consisting of
l \ / I metal clusters and organic linkers have been
identified as promising sorbent materials for gas
adsorption related applications such as hydrogen storage,"” gas
separation,3’4 adsorption heat pumps,s’6 and harvesting water
from air”® because of their extremely large surface area and
high porosity.”'® During adsorption/desorption processes,
heat is released from or absorbed by MOF adsorbents. Such
exothermic or endothermic processes can significantly change
the temperature of the adsorption bed and sequentially affect
the adsorption rate and capacity.'' Therefore, thermal
management is crucial for rapid and efficient gas adsorption
by MOFs. Prior to the thermal management, determining the
thermal conductivity of MOFs is crucial for understanding
their heat transfer mechanism as well as thermally designing
MOF-based gas adsorption/storage systems. However, the
thermal conductivity measurement of MOFs is extremely
challenging, especially directly measuring the single-crystal
MOFs, since no sophisticated approach has ever been
reported.
In previous studies, most thermal conductivity measure-
ments of MOFs were implemented on compacted MOF
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7 ACS Publications

powders, which are usually below 0.22 W-m™"-K™" due to the
extensive thermal contact resistance between MOF par-
ticles.”>™*® Therefore, several efforts have been made to
improve the thermal conductivity of MOFs by adding high-
conductivity additives or tuning their heat conduction pathway
by uniaxial compression.'” > Nevertheless, the different
contributions of the interparticle thermal contact resistance
and the thermal conductivity of a MOF crystal to the effective
thermal conductivity of MOF composites are very difficult to
quantify. This is a common issue for not only the compacted
powder of MOFs but also other microscale particles.”' ™’
Thus, it is of great significance to directly measure the thermal

conductivity of a MOF crystal.
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unit: mm

Figure 1. Fabrication of the suspended Pt/Si;N, RTDs. (a) Fabrication process and in-plane size parameters; (b) cross-section structure; (c)
optical profiler image of the suspended RTDs.
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Figure 2. Measurement calibration. (a) Relationship between electrical resistance of RTDs and temperature; (b) dependence of Raman peak
shift of ZIF-8 on the temperature. The inset is an optical profiler image of the ZIF-8 crystal in between two Si;N,/Pt RTDs.

However, direct measurement of the thermal conductivity of
a MOF crystal is limited by the relatively large sample size
required for current measurement approaches. Heretofore,
only a very few types of MOFs that can be grown to the order
of millimeters have been measured by a steady-state method
directly.”*** Although many thermal conductivity measure-
ment approaches have been proposed for microscale materials,
such as the microdevice method,***” T-type method,”® 3-w
method,” and transient thermoreflectance method,*® all suffer
from a system error resulting from the thermal contact
resistance between the sample and the temperature sensor.
Recently, the dual-wavelength flash Raman spectroscopy
d*"** that can measure the thermal conductivity of the
sample and the thermal contact resistance between sample and
substrate simultaneously was proposed. However, these
methods mentioned above are only suitable for one- and
two-dimensional materials rather than microscale particles due
to the difficulties in obtaining the heat flux/temperature
distributions on the heterogeneous surface of the sample. The
measurement error resulting from thermal contact resistances
between sample and the temperature sensors is also a great
obstacle in accurately describing the thermal conductivity of
microscale particles. Therefore, in situ thermal conductivity
measurement of microscale single crystals is still a great

challenge.

metho
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Herein, we developed the Raman-resistance temperature
detectors (Raman-RTDs) method for in situ measuring the
thermal conductivities of MOF crystals and measured the
thermal conductivity of the ZIF-8 crystal because of its wide
applications in ethanol/water separation™ and adsorption-
driven heat pumps.’* The thermal conductivity measurement
was conducted at a temperature of 303.15 K in a vacuum. The
tested crystal was heated by a continuous laser, and the
temperature of the heating spot was deduced from its Raman
peak shift. The sample was supported by two Si;N,/Pt
cantilever beams, which acted as resistance temperature
detectors to monitor the temperature variation of the contact
regions and the heat flux flowing out of the sample. Then, the
thermal resistances between laser heating spot and cold contact
points were derived by dividing the temperature difference by
the heat flux. According to the dependence of the measured
thermal resistance on the laser spot location, the thermal
conductivity of a ZIF-8 crystal and the thermal contact
resistance between the sample and RTDs can be quantified
simultaneously, which helps to eliminate the system error
caused by thermal contact resistances.

RESULTS AND DISCUSSION

The ZIF-8 crystal was synthesized from zinc nitrate
hexahydrate and 2-methylimidazole by the solvothermal
method (see Methods and Figures S1—5 in the Supporting
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Information (SI) for details) and placed in between the two
homemade suspended Si;N,/Pt RTDs, which were fabricated
by reactive ion etching (RIE) and the chemical vapor
deposition (CVD) method, as shown in Figure 1. The
electrical resistance of two RTDs was measured respectively
as a function of temperature from 303 to 353 K (Figure 2a).
The electrical resistance linearly deceases with increasing
temperature, which indicates a high measurement accuracy of
temperature. The distance of the contact point to the two ends
of the RTDs (L, and L,), the temperature coefficient of
resistance (a,), and the thermal conductivity (k;) of the RTDs
are summarized in Table 1 (see Figures S6 and S7 for details of

Table 1. Parameters of the Fabricated Pt/Si;N, RTDs

Ly (mm) L, (mm)  a (K) & (Wm™K™)
RTDs-1 1651.5 1330.6 0.00188 362.78
RTDs-2 1651.5 1330.6 0.00175 386.60

the thermal conductivity measurement of RTDs). Figure 2b
shows the temperature dependence of the Raman peak shifts
from 303 to 393 K of the ZIF-8 crystal. The slope of the
temperature dependence is —0.016 cm™'/K (see detailed
Raman spectra of the tested ZIF-8 crystal in Figure S8).

The schematic of the Raman-RTDs method is demonstrated
in Figure 3. During the measurement, the heat flux flows from
the laser spot to the contact regions between the sample and
suspended RTDs. Then it is transferred to the four heat sinks
linked to the end of RTDs. When the crystal was heated to
steady state, the temperature rise of the heating spot (AT)
was deduced from the Raman scattering spectroscopy.
Meanwhile, the temperature rise of the contact region (AT,)
and the heat flux (Q) could be derived from the average
temperature rise of the RTDs (AT,,) according to eqs 1 and 2.

AT, = 2AT, = 2ﬂ

@R (1

N

)

1
— +
Ll 2

Q= kbAATc[
)

where AR and R, represent the change and initial value of the
RTDs’ electrical resistance, respectively; @ is the temperature
coefficient of resistance of the RTDs; A is the cross-section
area of RTDs; L, and L, are lengths of the RTDs on each side
of the contact region; and k;, denotes the thermal conductivity
of the RTDs. The heat flux flows from the laser spot to contact
regions inside the sample. The heat conduction pathways are
represented by “heat pathway 1”7 and “heat pathway 2”7 as
illustrated in Figure 4a. The corresponding thermal resistances
between the laser heating spot and the contact region are
denoted as R;; and R;,. The two thermal contact resistances
between sample and RTDs are represented by R, and R,,.
Therefore, the measured thermal resistance of the sample can
be written as

AIL - ATci
Ri=R;+R;=—T—""
Q, (3)

where the subscript i represents the two heat conduction
pathways (i = 1, 2). The measured thermal resistance (R;)
consists of the effective thermal resistance of the tested particle
and the thermal contact resistance between the sample and the
RTDs, which commonly exists in contact methods and may
cause a system error during the thermal conductivity
measurement. Our Raman-RTDs method aims to eliminate
this system error with the help of the dependence of thermal
resistances of the sample on the laser spot location. As the laser
spot moves toward one of the contact points (i.e, “contact 1”
in Figure 4a), the effective length of “heat pathway 1” becomes
shorter and “heat pathway 2” becomes longer. Then, Ry,
decreased and R;, increased. Meanwhile, the thermal contact
resistances between sample and RTDs remained constant. As a
result, the change of Ry, and Ry, can be represented by the
measured results of R; and R,. Furthermore, by considering the
difference between two measured thermal resistances, AR = R,
— R,, the measurement error can be further reduced. So, the
thermal conductivity of the sample can be derived accurately
from the dependence of AR on the laser spot location (x)
without the influence of thermal contact resistances between
sample and RTDs.

The three-dimensional heat conduction problem of a sphere
particle with a diameter of 21.6 yum corresponding to the tested
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Figure 3. Schematic of the Raman-RTDs method for measuring the thermal conductivity of the ZIF-8 single crystal.
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Figure 4. Different effects of thermal conductivity of the tested sample and thermal contact resistances between sample and RTDs on the
thermal resistance difference versus laser spot location (AR—x) curve. (a) Physical model of the three-dimensional steady-state heat
conduction problem; (b) thermal contact resistances (R, and R,,) are fixed and thermal conductivity (k) changes; (c) k and R, are fixed
and the difference between two thermal contact resistances (AR, = R, — R,,) varies; (d) R, and R, change equally, while k and AR, are

fixed.
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Figure S. Dependence of the measured thermal resistance difference on the laser spot location for ZIF-8. Black squares are the experimental

data, and red lines are the fitting curves. (a) Polycrystalline particle; (b
tested samples.

) single-crystal sample. Insets show the typical morphology of the

sample was solved numerically (Figure 4). The diameter of the
laser spot is 0.57 um according to d = 24/(7# X NA). NA
represents the numerical aperture of the objective lens (x40).
The local temperatures of the sphere particle and RTDs
denoted by T, and T}, were governed by the steady-state heat
diffusion equation in each domain, given by

AT =0 (4)

AT, =0 (s)

14103

They were coupled through the boundary conditions of the
contact region. Considering thermal contact resistances and
the continuity of heat flux, the boundary conditions can be
written as

n interface RC (6)
L-%, 0,
s 0 - _kb_

RC on interface (7)
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where k represents thermal conductivity, R, is the thermal
contact resistance between sample and RTDs, and subscripts
of s and b denote the tested sample and the RTDs,
respectively. The four ends of the two suspended RTDs
were all connected to heat sinks. Thus, the boundary
temperatures were taken as constant temperature, T, =
293.15 K. Other surfaces were treated as adiabatic boundaries
except for the laser heating spot, whose net heat flux is
assumed to be constant. The governing equation and the
boundary conditions were solved using finite element methods.
The relative tolerance is set to 107°. In practical measurement,
the two thermal contact resistances are not identical.
Therefore, they were set to different values. Figure 4b shows
the difference between the measured thermal resistances (AR)
as a function of laser spot locations (x) by employing different
thermal conductivities (k), but identical thermal contact
resistances (R and R,). It can be found that the AR—x
curve gets steeper as the thermal conductivity decreases. At
fixed k and R,;, the AR—x curve shifts downward when the
difference between two thermal contact resistances (AR, = R
— R,) increases as shown in Figure 4c. Similarly, by equally
increasing R, and R, (k and AR, remain unchanged), the
AR—x curve shifts downward, and the change rate of the curve
is nearly unchanged (Figure 4d). It can be concluded that R
and R, will only affect the value of AR (the relative position of
AR—x curve) but not the shape of the AR—x curve. In
contrast, the shape of the AR—x curve is dominated by the
thermal conductivity of the sample. Thus, we can derive the
thermal conductivity of the tested samples by fitting the
experimentally measured AR—x curve.

According to eqs 1—3, the dependence of thermal resistance
difference AR on the laser spot location x can be obtained.
Figure Sa and b show the AR—x curves of polycrystalline and
single-crystal ZIF-8 particles, respectively. The temperature
rise at the laser heating spot was measured to be 19-35 K.
Besides, ZIF-8 possesses high thermal stability.”> Thus, the
crystal structure of the sample has not been changed during
measurement. Furthermore, the thermal conductivities of
MOFs are nearly temperature independent above 200 K
according to previous experimental and theoretical studies.”**°
Therefore, the laser heating will not impose any undesirable
influences on the thermal conductivity measurement. The
error bars reflect the uncertainty of AR caused by temperature
sensing based on Raman scattering (AT,). The temperature
measurement uncertainty of the RTDs is less than 0.05 K,
which is significantly lower than the uncertainty of Raman-
based temperature sensing (~2 K in this measurement); thus
the influence of the temperature measurement uncertainty of
the RTDs on AR measurement uncertainty can be ignored. As
depicted in Figure S3, the spherical particle possesses many
grain boundaries and a rough surface, which indicates a
polycrystalline structure. The single-crystal ZIF-8 has the shape
of a chamfered cube as shown in Figure S4. The chamfered
cube is a convex polyhedron with 32 vertices, 48 edges, and 18
faces: 12 hexagons and 6 squares, whose morphology is highly
symmetric in all directions (x, y, and z) as well as rotational
symmetry. Thus, it is reasonable to assume the single-crystal
ZIE-8 as a sphere for simplicity in theoretical analysis.

The thermal conductivity of a polycrystalline ZIF-8 particle
is derived to be 0.21 W-m "K' by fitting the experimental
data (solid line in Figure Sa). The theoretical fitting curves of
0.18 and 0.24 W-m™"-K™! are also plotted (dashed lines in
Figure Sa), suggesting that the proposed Raman-RTDs method

has very high measurement sensitivity. The measurement was
conducted when the optimal focusing conditions of the laser
were achieved. Thus, the size of the laser spot remained
constant during measurement and would not affect the result
of thermal conductivity. Besides, our method is applicable to
different laser spot radii as long as it meets the requirement of
special resolution for obtaining the relationship between AR
and «x. Certainly, the smaller laser spot size enables a more
accurate measurement of AR—x relationship and a higher
measurement sensitivity of thermal conductivity (Figure S9).

As for the ZIF-8 single crystal, the sample size is considered
as its circumscribed diameter, i.e., 20.9 pm. The thermal
conductivity of single-crystal ZIF-8 is derived to be 0.64 W-
m~ LK™, which is consistent with the expected order of
magnitude from molecular dynamic (MD) simulation (0.165
W-m™"K™).>” The thermal conductivity of a ZIF-8 single
crystal is also higher than that of the polycrystalline sample. It
is mainly due to the extra thermal resistances resulting from the
grain boundaries and defects in the ZIF-8 polycrystal.*’
Overall, the measured thermal conductivities of ZIF-8 samples
are on the same order of magnitude as other types of MOFs
that have been measured experimentally.'>***> The thermal
conductivities of MOFs are rather low as a crystal material.
This feature can be interpreted considering its crystal structure.
First, MOFs are nanoporous crystals with very high porosity, in
which the wide spreading void phase inside the crystal can
reduce the effective cross-section area of the heat conduction
path. Second, MOF crystals are composed of metal nodes and
organic linkers. The large mismatch between vibrational
density of states (VDOS) of metal nodes (Zn) and organic
linkers (N) (see Figure S10 for details) in ZIF-8 may cause
interfacial phonon scattering, which suppresses phonon
transport at the junction and reduces the thermal con-
ductivity.”

A comparison of experimentally measured thermal con-
ductivity of ZIF-8 in different forms is presented in Figure 6. It
can be found that the thermal conductivity of compacted ZIF-
8 powders measured by a homemade transient hot-wire
approach™ (0.029 W-m™.K™') is obviously lower than the
result of a single particle measured in this work, which is
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Polycrystal
(this work) film38
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Figure 6. Comparison of ZIF-8 thermal conductivity among our
measurement results and previously published results. The insets
show the morphology of tested samples. The SEM image of the
polycrystalline film was reproduced with permission from ref 38.
Copyright 2017 American Chemical Society.
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Table 2. Comparisons of Different Thermal Conductivity Measurement Methods for MOFs

transient plane source
13
method

MOF-5

flash method'#!92%4

sample MOE-§

sample morphology compacted powders

compacted powders
(cylindrical pellets)

(cylindrical pellets)

sample dimension 12 mm (diameter) 50 mm (diameter)

measurement yes yes
uncertainty from
ICTR

measurement yes yes

uncertainty from TCR

Raman-
transient hot-wire steady-state RTDs
method"® 3-w method®® method**** method
Ui0-66;Ui0-67;Cu-BTC;  ZIF-8 MOE-S; ZIF-8
ZIF-8 MOF-1
compacted powders polycrystalline single crystal single crystal
(rectangular pellets) thin film
20 X 5 X 6 mm 300 nm 1 mm 20.9 pym
(thickness)
yes yes no no
yes yes yes no

ascribed to the extensive thermal contact resistance between
particles for the transient hot-wire approach. Until now, there
is no measurement result of the thermal conductivity of single-
crystal ZIF-8. The only experimental measurement has been
conducted on a ZIF-8 polycrystalline film*® with a thermal
conductivity of 0.326 W-m™"-K™', which is higher than the
results of a ZIF-8 polycrystalline particle obtained by our
Raman-RTDs method. One possible reason could be the
different amounts/positions of grain boundaries and defects
between our polycrystalline particle and the polycrystalline
film. Another possible reason is that the film degraded during
the thermal conductivity measurement. The degradation of the
film is an endothermic process, so that the measured
temperature oscillation is lower than that caused by the heat
dissipation alone. As a result, the thermal conductivity of the
ZIF-8 film could be overestimated according to the 3-w
method.”®*” Comparing with the predicted value from MD
simulation (0.165 W-m™"-K™"),*” our experimental results are
consistent in the order of magnitude.

Comparisons of different thermal conductivity measurement
methods for MOFs are shown in Table 2. Until now, most
measurements were conducted on compacted MOF powders
by the flash method,"*"”*%*" transient plane source method,"?
or transient hot-wire method,"® all of which suffer from the
measurement uncertainty induced by the intercrystal thermal
resistance (ICTR) and the thermal contact resistance (TCR)
between sample and sensor. The ICTR can be further
subdivided into two components: the interparticle thermal
contact resistance between two adjacent crystals and the
thermal resistance of the grain boundary inside the polycrystal-
line particle. Therefore, the thermal conductivity of the MOF
crystal itself can hardly be derived from the result of
compacted powder or pellet samples. Another drawback of
these methods is that the required amount of MOF sample is
relatively large compared to the limited yield of MOF
synthesis. The 3-@w method has been used to measure the
thermal conductivity of a ZIF-8 thin film. Although the sample
was an individual crystal, it is still a polycrystalline sample, and
there were grain boundaries inside. Therefore, the influence of
ICTR still existed. As for the steady-state method, due to the
difficulty in monitoring the temperature difference and the heat
flux at the sample surface, only a large-size single crystal can be
successfully measured. There was no grain boundary inside the
single-crystal samples compared to the polycrystalline samples
measured in the 3-w method. As a result, the steady-state
method is not affected by the ICTR of the sample. However, it
suffers from the measurement uncertainty induced by the TCR
between sample and temperature sensor, similar to the 3-w

14105

method. On the contrary, the thermal conductivity of single-
crystal ZIF-8 was measured directly in our Raman-RTDs
method without the influence of both ICTR and TCR, and the
size limit of the sample is reduced to the order of 10 ym, which
enables the measurement of MOF crystals with a wide range of
sample sizes.

It should also be noted that there are several factors that may
cause measurement errors of thermal conductivity. First, the
uncertainty of the RTDs’ thermal conductivities will influence
the measurement of AR by altering the heat flux Q (eq 2). The
error of thermal conductivity measurement resulting from it
was analyzed to be less than +0.03 W-m™"-K™" (see Figure S11
for details). Second, from the SEM results of tested samples, it
can be observed that the polycrystalline particle has the shape
of a sphere with a rough surface. The measurement error of
thermal conductivity induced by the uncertainty of character-
izing the particle radius was also analyzed (shown in Figure
S12). When the measurement uncertainty of the sample radius
is 0.5 pm, the error of the thermal conductivity is +0.01 W-
m~ "K', Third, the error caused by taking the chamfered
cubic crystal as a spherical sample was preliminarily estimated
as 0.09 W-m™"K™' by comparing the results of the
circumsphere model and the inscribed sphere model (Figure
S13).

Our Raman-RTDs method is simple and reliable. In
principle, our method is also applicable to other MOFs
regardless of the morphology as long as the corresponding heat
conduction model can be constructed. The only requirements
for the tested samples are that the Raman spectra should be
temperature-dependent and that the minimum sample radius
should not be less than 7 ym to ensure a constant laser spot
size at different measuring points. The temperature depend-
ence of the Raman shift is also validated for Cu-BTC (see
details in Figure S14). However, it remains a great challenge to
derive the thermal conductivity for such a nonspherical sample
due to the difficulty in precisely reconstructing the
corresponding heat conduction model, which requires
intensive exploration in future work.

CONCLUSION

In this work, we reported the Raman-RTDs method for in situ
thermal conductivity measurement of a single-crystal MOEF. In
this approach, two suspended Si;N,/Pt RTDs were fabricated
as both sample holder and temperature sensor, which ensures
an accurate determination of the temperature rise and heat flux
in small regions on the sample surface. The thermal
conductivity of the MOF crystal and the thermal contact
resistance between the MOF crystal and the RTDs were
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quantified simultaneously by our in situ Raman-RTDs method,
which helps to eliminate the system error caused by the
thermal contact resistance and gives a more accurate and
reliable thermal conductivity. This work demonstrated a viable
in situ Raman-RTDs method for obtaining the thermal
conductivity of microscale MOF crystals with high accuracy,
which may be extended to other families of microscale
materials in the future.

METHODS

Synthesis and Characterization of ZIF-8. Zn(NO,),-6H,0
(1.49 g S mmol) was dissolved in methanol (100 mL). 2-
Methylimidazole (0.82 g, 10 mmol) and sodium formate (1.36 g,
20 mmol) were dissolved in methanol (100 mL). The latter solution
was poured into the former solution with stirring until complete
mixing. Next, the solution was heated to 363 K and maintained for 24
h. Then, the white solid was isolated by centrifugation and washed
with methanol (30 mL) three times. Finally, the solid was dried in air
at room temperature for S h and then dried under vacuum at 453 K
for 24 h.

Powder X-ray diffraction (PXRD) data were collected on a
PANalytical X'Pert X-ray diffractometer in reflection mode using Cu
Ka (4 = 1.540598 A) radiation. The power rating of the X-ray
generator was adjusted to 40 kV and 40 mA. The 26 ranges from 5° to
50° as a continuous scan with a step size of 0.013 13° at room
temperature. The measured PXRD pattern in Figure SS is consistent
with the simulated results, indicating that the high purity and
crystallinity of the prepared samples. The shape of the ZIF-8 crystal
was observed by the optical microscope equipped in the micro-
manipulation system (Micro Support, Axis Pro SS).

Fabrication of Suspended Si;N,/Pt RTDs. First, a Si;N, wafer
was etched using the RIE technique to form two strips with a
thickness of 0.2 um. Then, a 0.1-um-thick platinum film was
deposited on an evenly patterned S-nm-thick chromium adhesion
layer by physical vapor deposition (PVD). The pattern of the
platinum film was controlled by a precisely processed mask. The
bottom Si;N, layer provides sufficient mechanical strength and
electrical insulation, while the upper platinum layer works as a
temperature sensor that converts the temperature signal to electrical
resistance. The fabricated Si;N,/Pt RTDs is shown in Figure 1c after
removing the photoresist. Finally, copper wires were attached onto
the contact pads with conductive silver paste for electrical
measurements.

Thermal Conductivity Measurement. The schematic of the
Raman-RTDs method is demonstrated in Figure 3. A ZIF-8 crystal
was manipulated and placed in between the two RTDs using a
micromanipulation system (Micro Support, Axis Pro SS). Then, they
were put on a temperature-controlled stage (Linkam, THMS3S0EV-
4) with a 0.1 K temperature resolution, and the measurement was
done in a vacuum of 107 Pa to eliminate convective heat transfer.
The tested crystal was heated by a continuous wave laser with a
wavelength of 532 nm, which was focused by an Olympus 40X
objective lens whose numerical aperture is 0.60. The Raman spectra of
the ZIF-8 crystal were measured by a Horiba T64000 Raman
spectroscope. Electrical resistances of two Pt/Si;N, RTDs were
measured by digital multimeters (Keitheley 2002) simultaneously.
The thermal resistance of the ZIF-8 crystal was then obtained by
dividing the temperature difference between the laser spot and the
RTD contact point by the heat flux flowing through the
corresponding RTDs. Thermal conductivity of ZIF-8 was extracted
from the dependence of the measured thermal resistance of the ZIF-8
crystal on the laser spot location.
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