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Abstract

The thermal conductivity of MOF-5 single crystals is measured over a wide temperature range between 6 K and 300 K, using the lon-
gitudinal, steady-state heat flow method. Between 6 K and 20 K, the thermal conductivity increases with the increase in temperature and
exhibits a peak near 20 K. This peak results from the crossover between the decreasing mean free path and the increasing phonon specific
heat with the increasing temperature. From 20 K to 100 K, the thermal conductivity decreases rapidly with increasing temperature.
Above 100 K, the thermal conductivity is nearly temperature independent, and its value at 300 K is 0.32 W/m K, a rather low value
for crystals. The mean free path analysis shows that at high temperature, the phonon mean free path is minimized to the cage size

due to the porous, flexible structure of MOF-5.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The crystalline metal-organic frameworks (MOFs) are a
new sub-family of the nanoporous crystals. They are cur-
rently receiving attentions because of their high adsorption
surface area and large free cage volume [1,2]. MOFs are
most attractive for their high capacity for hydrogen
absorption and storage [3]. Many members of the MOF
family are synthesized in recent years. Unlike other nano-
porous crystals with inorganic host frameworks, MOFs
have three-dimensional hybrid frameworks, which are
comprised of metal-oxygen cages connected by a variety
of organic bridges and lead to designable pore size, shape
and functionality [3]. MOF-5, is the first stable cube-like
structure in the family. MOF-5 has a regular, three-dimen-
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sional cubic lattice with 1,4-benzenedicarboxylate (BDC)
as edges and Zn4O cluster as vertexes (see Fig. 1). The ther-
mal properties of MOF-5 are important for gas storage and
other potential applications.

Microporous crystals, such as zeolites, characterized by
large unit cells and angstrom sized pores and linkers, nor-
mally have very low thermal conductivities [4-6]. Generally
these crystals cannot be grown to a big-size single crystal
and their thermal conductivities are often extracted indi-
rectly from the measurement of loose or compacted pow-
der [4]. Since there are many factors affecting the effective
thermal conductivity and currently no model can account
for all of them, the uncertainty in the effective crystal ther-
mal conductivity is large [4]. MOF-5, however, has been
grown up to a linear dimension of 1-2 mm, making the
direct measurement possible. MOF-5 has a longer linker
and a larger pore size, compared to most nanoporous crys-
tals (including zeolites). For example, the number density
of MOF-5 is 2.46 x 10?® atoms/m>, much less than those
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Nomenclature

distance

thermal conductivity
distance, length
sound speed

cross area

diameter

height

current

heat flow
temperature

NQO ST OAS x>

Greek symbols
€ emissivity
A mean free path

o Stefan-Boltzmann constant
1] voltage
Subscripts

ch chromel
con constantan
cu copper

g group

h heater

loss loss

p phonon

D Debye

of zeolites [sodalite (5.13 x 10*® atoms/m?) and zeolite-A
(4.10 x 10*® atoms/m>)] [7]. Therefore, MOF-5 is expected
to have a even lower thermal conductivity than most nano-
porous crystals. Also, the special cage-bridge structure of
MOF-5 makes it an ideal object to study the effects of
the cage and bridge structure on the microscale energy
transport. Considering the freedom in the construction of
MOFs [3], such a study may lead to the first step in the
systematic design of structures with the desired thermal
properties.

Here we report the measurement of the thermal conduc-
tivity of MOF-5 over a wide temperature range, from 6 K
to 300 K, using the longitudinal, steady-state heat flow
method. Then the low thermal conductivity of MOF-5,
and its weak temperature dependence at high temperature,
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Fig. 1. The cubic structure of MOF-5. The lattice constant at 300 K is
25.85 A. The diameter of the cage is 7.16 A.

are discussed, which are shown to be due to the minimiza-
tion of the phonon mean free path.

2. Experiment
2.1. Crystal preparation

We synthesized large single cubic crystals by mixing 8.38
g Zn(NO3)2 - 4H,O (32.0 mmol) and 1.77 g terephthalic
acid (10.7 mmol) dissolved in 100 mL DEF in a glass bea-
ker and sonicating the mixture for 15 min. The solution
was dispensed evenly into 20 scintillation vials (20-mL size)
by using a plastic syringe equipped with a PTFE filter
(Whatman, 0.45 um pore size). The vials were then tightly
capped and placed in an isothermal oven. The reactions
were stopped after being heated at 368 K for 72 h. The
mother liquor in each vial was decanted while warm and
the product was washed with fresh DEF (3 x SmL for
each vial). In a typical batch as described above, 5-6 large
single cubic crystals (size 1-2 mm) were obtained. The
cubic crystals were confirmed to be MOF-5 by the coinci-
dence of experimental PXRD pattern with the simulated
one and by examination of these crystals under an optical
microscope [8,2,3].

After obtaining the large single cubic crystals, solvent-
exchange was carried out to remove the high-boiling-point
DEF in the crystals. The suitable crystals were collected
in a 20-mL scintillation vial. After the DEF solvent was
removed as clean as possible by using a pipette, this open
vial was placed in a desiccator saturated with chloroform
vapor, which slowly condensed into the vial and accumu-
lated to 5 mm tall in 3 days. After the removal of the accu-
mulated chloroform, two different methods were adopted
for further solvent-exchange. One was to fill the vial with
chloroform liquid and then cap it (direct addition of chlo-
roform liquid). The solvent volume was replaced twice
after a 1-day and a 2-day immersion respectively, and
was kept at rest for another 2 days. The total time of



Table 1

B.L. Huang et al. | International Journal of Heat and Mass Transfer 50 (2007) 405-411 407

Characteristics of the samples used

Sample Size (mm?®) Chemical preparation

<& 0.94 x 1.13 x 1.32 Old solvent, solvent-exchange: direct addition of chloroform liquid

O 1.71 x 1.17 x 1.79 Fresh solvent, solvent-exchange: slow condensation of chloroform vapor
O 1.33 x 0.83 x 1.50 Fresh solvent, solvent-exchange: slow condensation of chloroform vapor
A 0.75 x 1.13 x 1.20 Fresh solvent, solvent-exchange: slow condensation of chloroform vapor

chloroform-exchange of large MOF-5 single crystals was 3
days in desiccator and 5 days on bench. The other method
was to repeat the vapor diffusion exchange (slow condensa-
tion of chloroform vapor) 3 times in 7 days. The latter
method is easier for obtaining clear crystals. The effective-
ness of exchanging DEF solvent was confirmed by the dis-
appearance of characteristic amide carbonyl peaks in FT-
IR spectra. Table 1 shows the characteristics of the crystal
samples used in the conductivity measurement. Both the
stored (old) solvent and the fresh solvent were purified
and both solvent-exchange methods were used.

2.2. Thermal conductivity measurement

The thermal conductivity of the MOF-5 samples was
measured on the basis of the Fourier law [9], using the lon-
gitudinal, steady-state heat flow method [10,11]. Since
MOFEF-5 has a cubic structure, its thermal conductivity is
isotropic and can be obtained by the measurement in only
one direction. Fig. 2(a) shows the apparatus used for the
measurement and Fig. 2(b) shows the thermal circuit
diagram for the heat flow paths.

To avoid the formation of small cracks resulting from
the adsorption of water vapor, the MOF-5 sample was pre-
pared in a sealed airbag with filling prepurified nitrogen
atmosphere. The dimensions of the sample were measured
using a microscope. Two fine copper-constantan thermo-
couples (the diameters of the copper and constantan wires
are 30 pm and 10 um, respectively) were attached to the
surface of the sample, using SE4422, a fast-drying ther-
mally conductive adhesive produced by Dow Corning.
The distance d between the two thermocouple centers was
also measured using the microscope. Then the sample
was mounted between a small heater and the copper heat
sink of a cryostat, as shown in Fig. 2(a). Two copper wires
with diameters of 30 um were used for current input to the
heater, and two chromel wires with diameters of 10 pm
were used to measure the heater voltage. The lengths of
the copper and chromel wires are all 25 cm (long enough
to minimize the conduction loss). The cryostat was then
evacuated until the pressure was reduced to 107’ torr.
Liquid nitrogen was used to cool the sample from 300 K
to about 100 K. Then liquid helium was used to cool the
sample to 6 K. Thereafter, the temperature of the sample
was raised incrementally back to 300 K. The thermal con-
ductivity was measured during the procedure. The cooling
rate using liquid helium is fast and the resulting thermal
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Fig. 2. (a) The apparatus for the measurement of thermal conductivity.
(b) The thermal circuit diagram [9] for the heat flow path through the
sample and various other paths.

stress may lead to the formation of defects within the
sample, which may affect the low temperature results.

The specification of the thermal conductivity involved
two steps. First, at each predetermined temperature point,
a I mA DC current was input into the heater. After 5-
10 min (to allow for steady, stable readings), when the out-
puts of the thermocouples became stable, the input current
Jn, the voltage Agy, and the temperature difference AT were
recorded. After finishing the first step, the sample was
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detached from the heat sink, and left suspended by thermo-
couple wires, while keeping the heater attached to its bot-
tom surface. The sample was then placed back into the
cryostat and the cryostat was evacuated and cooled again.
At the same temperature points as in the first step, the
input current of the heater was adjusted by trial and error
to raise the temperature of the sample to the same average
temperature measured in the first step. The corresponding
current J.» and voltage Ay, of the heater were recorded
and the heat loss Q)55 Was calculated by Qjoss = Je2A@h 2.
Then the thermal conductivity k was calculated by

(JhA(Ph - Qloss)d

k= AT ; (1)

where A is the cross-section area perpendicular to the heat
flow.

2.3. Heat loss model

We used the measured heat loss in Eq. (1) at high tem-
peratures (above 100 K). However, at low temperatures
(below 100 K), the liquid helium ran out before the time-
consuming heat loss measurement was completed. This
measurement is also rather challenging due to the poten-
tially unstable outputs of thermocouples at low tempera-
tures. So for low temperatures (below 100 K), we used a
model to calculate the heat loss. This model can also guide
minimizing the error due to the heat loss.

From Fig. 2(b), Qs 18 defined as the part of input heat
flow that cannot reach the cold cross-section (with temper-
ature 79) and it is the summation of Q; to Qs, i.e.,

8
Qloss = Z Qn (2)
i=1

where Q; is the radiation heat loss from the heater surface,
O is the radiation heat loss from the sample surface, Qs,
Qq4, and Qs represent the conduction through the copper
wires (heater), thermocouple wires, and chromel wires,
and Qg, 07 and Qg are the radiation from the chromel
wires, thermocouple wires and the copper wires (heater)
surface.

We assumed the temperature varied linearly along the
sample surface and the wires. Then each Q; (i=1,2, ..., 8)
can be calculated from

(T, —T)
d

l1+d _ 4
szass/o ' 2(w+l)<<T1+w> Té)dx

nDZ, (T — To)
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Q3 4 lcu4h
TED;Z:U(T2_T0) TCDzon (Tz_TO)
Q4 - kcu 4 Zcu‘s + kcon 4 lcon’s

nDy, (Th — To)
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lehh T, — T 4
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0

]cu,s T _ T 4
Q7:O_80u/0 TCDcu{ |:TO+( 2 d O)x:l _Tg d.x

[COH.S J— 4
+ agcon/ Tchon{ [To 4 M} _ Tg}dx
A d
leun (Th _ T())x 4
Q8 = 2O-gcu/ 7tl)cu [TO + T] - Tg dx7 (3)
0

where ¢ is the Stefan-Boltzmann constant, A4y, is the area of
the heater, ¢y, &, €cus Econ, and &g, are the emissivities of the
heater, sample, copper, constantan and chromel, respec-
tively (all assumed constant). Also, kc,, keon and kg, are
the thermal conductivities of copper, constantan and chro-
mel, respectively (all are temperature dependent). Here /; is
the distance from the hot cross-section to the heater, w and
[ are the width and length (not shown) of the sample, /.,
and /., are the lengths of the copper and the chromel
wires connected to the heater, respectively, and /., and
leu s are the lengths of the constantan and the copper wires
of the thermocouples. Also, D.,, D, and D¢, are the
diameters of the copper, the chromel and the constantan
wires, respectively. The outputs of the thermocouples give
the temperature of cold cross-section 7 and that of hot
cross-section T,, T is the temperature of the heat sink
and the surroundings, and T, is the temperature of the hea-
ter as obtained by extrapolation from the linear tempera-
ture distribution between the hot and cold cross-sections.

It is assumed that the effect of thermal expansion and
the contact resistance are negligible, and that temperature
varies linearly along the longitudinal direction. Based on
the temperatures of the heater and sink and the dimensions
of the heater and sample, the radiation through the sample
is negligible (less than 1% of the total heat flow at 300 K)
due to the low temperatures and the small view factor (less
than 0.1).

Fig. 3 shows the ratio Q;/Jy,A¢n, as a function of am-
bient temperature 7,. The emissivity of the wires was
estimated by comparing the model prediction with the
measured heat loss, using a sample (e.g., glass) with similar
dimensions and a known thermal conductivity. We found
the best fit using 0.6 for the copper wires, 0.6 for the con-
stantan wires, 0.6 for the chromel wires, and 1.0 for the
heater (note these data for wires depend on the dielectric
coating on the wires). The emissivity of the sample is
assumed to be 1.0, giving the best fit with the measured
heat loss at 300 K (actually, the choice of the emissivity
of the sample is not critical because the radiation heat
transfer from the sample is small, as shown below). The
temperature-dependent thermal conductivities of constan-
tan, chromel, and copper were from [12]. As shown in
Fig. 3, above 100 K, the total heat loss is dominated by

Qs = 2ken
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Fig. 3. The predicted contribution of the different heat losses as a function
of ambient temperature, for a typical experiment. The geometric param-
eters in this heat loss model, are set as those for a typical sample at room
temperature. The temperatures, 7} and 75, are set as the measured values
at the ambient temperature 7.

surface radiation. The radiation effect increases sharply
with increasing temperature and the total heat loss is up
to 20% of the input power Q;, at 300 K. The radiation from
the sample Q; is small (no more than 1% of Qy,), due to the
small surface area and the low temperatures. Among the
radiation heat losses, Q; and Qg are the most significant,
because the temperature of the heater is the highest and
the copper wires have the largest surface area. Between
40 K and 100 K, the total heat loss is relatively small.
The conduction through the wires is important below
40 K, due to the sharply increasing thermal conductivity
of copper with decreasing temperature. The heat loss calcu-
lated by this model agrees well with the measured values at
high temperatures. Note that the measured heat loss
includes a different Q,, which includes the radiation from
the entire sample surface rather than the surface arca
between the heater and the cold cross-section. However,
this difference is negligible (less than 1% of the input
power), since the difference in these areas is small and the
contribution of Q, is in general small.

3. Results and discussion

Fig. 4 shows the variation of the MOF-5 thermal con-
ductivity with respect to temperature, from 6 K to 300 K.
The experimental uncertainty of the absolute thermal con-
ductivity is within £15% (estimated by the standard error
relation [13]). The uncertainty mainly results from the dif-
ficulty in the accurate determination of the effective cross-
section area A (due to the small size and irregular shape
of the sample) and the effective length of the heat flow path
d (due to the junctions).

Since MOF-5 is a good dielectric, the thermal conductiv-
ity is from the contribution of phonons. The following

0.7

A © O k (after Measured heat loss correction)

0.6 O ¢ k (after model heat loss correction)

0.5 @ MD predicted (2x2x2 unit cells)
g 0.4 1
: ; Kate
2 037 5 %
z : b o
LEamagabd

0.1 1
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0.0 . . . . .
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Fig. 4. Variation of the MOF-5 thermal conductivity with respect to the
temperature. Below 100 K, the heat loss correction is made by the heat loss
model. The MD predicted result of 2 x 2 x 2 unit-cell system, at 200 K,
250 K and 300 K, are also shown [15].

processes are assumed to affect transport of phonons:
grain-boundary scattering, lattice-defect scattering, and
phonon—phonon scattering [14]. To analyze the data, the
phonon mean free path A, is evaluated using the Debye
model for specific heat capacity and the kinetic theory.
The lattice thermal conductivity k is written as

1 ky kpT\® [T/ xte*
k ==cotpehy = ——— Ay [ — dx, 4
3 Cotine 2mu, p< 7 ) /0 e—1 @

where kg is the Boltzmann constant, 7 is the reduced
Planck constant, T is the Debye temperature, u, , is the
phonon group velocity, and 4, is the phonon mean free
path. The mean free path A is then given by

-1
kB kBT 3/TD/T x4ex
MW(T) =k|lz—55(— dx| . 5
1) =i (D) [ 2 8

In the accompanying manuscript [15], we make an estima-
tion of the Debye temperature (7p ~ 102 K) and the pho-
non group velocity (up, , >~ 1184 m/s), which is independent
of the thermal conductivity prediction. Using these values
in Eq. (5), 2,(7) is plotted in Fig. 5.

From Fig. 4, below 70 K, the measured thermal conduc-
tivities of the different samples are not the same (we denote
the sample with higher k as sample 1, and the other as sam-
ple 2), though both samples were transparent and sample 1
was only slightly clearer than sample 2 under the micro-
scope. The mean free path of sample 2 is much smaller than
that of sample 1 below 25 K, though they have similar
dimensions. The mean free path of sample 2 reaches a lim-
ited value below 13 K, which is the typical effects of point
defects (either inherent or due to thermal stresses resulting
from cooling). However, A, of sample 1 continues to
increase with decreasing temperature, suggesting this diver-
gence is due to the different qualities of the samples. The
peak in the thermal conductivity occurs at about 20 K (this
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Fig. 5. Temperature dependence of the average phonon mean free path of
MOF-5. The solid and dashed lines represent the dependence 72 and 7!,
respectively. The results are for two different samples having different
impurities and sizes.

is affected by the crystal quality). Below 20 K, the thermal
conductivity increases sharply with increasing temperature,
which is due to the excitation of more phonons at higher
temperatures and is related to the increase of the specific
heat [14]. From Fig. 5, the temperature dependence of 4,
changes at about 35 K, we find that 4, & T>1° (by fitting
the mean free path between 6 K and 35 K). The typical
interphonon scattering (U-process) will result in A, oc 7 !
[14], and the dependence of T2 suggests the effects of the
lattice distortion [14,16]. The peak is just the result of
the combination of the decreasing mean free path and the
increasing specific heat, with the increase in temperature.
From 35 K to 100 K, both k and A, decrease with increas-
ing temperature, and A, shows a dependence A, T,
suggesting the interphonon scattering dominates.

From 100 K to 300 K, the thermal conductivity only
varies about 30%, considering the experimental uncertain-
ties, the thermal conductivity exhibits a weak temperature
dependence (similar to the behavior of amorphous phase).
The MD predictions at 200 K, 250 K and 300 K, shown in
Fig. 4, agree quite well with the measured value.

At 300 K, the thermal conductivity of MOF-5 is only
0.32 W/m K, a rather low value for crystals. This value
can be compared with the thermal conductivities of other
nanoporous crystals, such as the MD predicted value for
the zeolites sodalite (3.53 W/m K), faujasite (2.07 W/
m K), and zeolite-A (1.68 W/m K) [6]. The weak tempera-
ture dependence of the thermal conductivity is a common
character for the nanoporous crystals [6]. Fig. 5 shows that
/p 18 almost a constant above 100 K, indicating the minimi-
zation of phonon mean free path. Similar phenomena are
found for other crystals [16]. The minimum mean free path
of MOF-5 is about 8.3 A, much smaller than the lattice
constant (25.85 A), but close to the cage size (7.16 A). In

the accompanying manuscript, we show that it is the
carboxylate—carbon atom that limits the transport of
the acoustic phonons, that is, the acoustic phonons are
reflected at the connector between the cage and the bridge
[15]. Considering most acoustic vibration modes lie in the
cage, it is reasonable for the minimum /4, to be close to
the size of the cage. The low thermal conductivity and its
temperature independence occur when most phonons reach
their minimum mean free paths. In such a situation, the
interphonon scattering cannot further reduce the phonon
mean free paths and the energy is transmitted by activation
or hopping of the localized modes, which is similar to the
behavior of the amorphous phase [17].

4. Conclusions

The thermal conductivity of MOF-5 is measured for
the first time over a wide temperature range, from 6 K to
300 K. The peak appears at about 20 K, and above
100 K the thermal conductivity is nearly temperature inde-
pendent. The analysis of the mean free path suggests three
regimes, namely, below 35 K, the lattice-defect scattering is
an important scattering mechanisms. From 35 K to 100 K,
the interphonon scattering dominates. Above 100 K, the
phonon mean free path reaches its minimum, which is also
found in the accompanying MD simulation as the suppres-
sion of the long-range acoustic phonons by the bridge
structure [15].
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