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The design and synthesis of low dielectric constant (low-«)
materials has been a subject of interest in terms of their
potential for use in high performance electronic devices.
Materials with extremely low-dielectric constants have been
targeted as interlayer dielectrics (ILD) because they decrease the
cross-talk noise, propagation delay, and power dissipation in
most electronic components. '~ Indeed, the search for new low-
k materials replacing silicon dioxide (SiO,) as an ILD has always
been dictated by industrial needs, resulting in a strong
connection between fundamental research and technology.®
Many materials have been proposed and studied as potential
candidates; two major classes are dense organic polymers and
porous inorganic-based materials. Some dense organic poly-
mers could have k below 2.2, but they suffer from concerns of
low thermal stability and thermal conductivity. For porous
inorganic-based low-x materials, sol-gel silica, doped oxides
and mesoporous silica have been extensively studied.” but its
low mechanical strength, wide pore size distribution, and
hydrophilicity have been cited as concerns.

As air or vacuums have the lowest dielectric constant (k =
1.01), the partial replacement of solid network with air or
a vacuum appears to be the more intuitive and direct option to
the development of new low-« ILD materials. Thus, as per the
International Technology Roadmap for Semiconductors (ITRS),
robust porous materials and air gap structures will become
target low-x materials in the near future.® Metal-organic
frameworks (MOFs) with a well-defined monodisperse porosity,
large surface area, ultra-low densities, high stability and easy
tunability of the surface and structural properties have potential
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A three-dimensional metal—organic framework for
a guest-free ultra-low dielectric materialt

*ac

A three-dimensional metal-organic framework compound [NH>(CH3),l>[Zns(bpdc)4]-3DMF (1) shows
two step dielectric relaxation and its guest-free framework (1') possesses an ultra-low « value of 1.80
(at 100 kHz, it is the lowest value for MOFs reported to date) over a wide temperature range and high

for meet the demands for use as stable low-«x materials.” MOFs
have been extensively studied over the past decade for their
applications in gas storage, sensors, chemical separation,
catalysis, drug delivery and biomedical imaging.'**> However,
their electrical properties and applications in microelectronics
remain under researched.” MOFs should be stiffer and harder
than other low-density amorphous inorganic or organic poly-
mers because of their ordered framework and rigid organic
linkers. With tunable structural properties, high porosity, and
thermal/mechanical stabilityy, MOFs represent an ideal
replacement as an ILD material. Hermann and coworkers pre-
sented a brief theoretical model for using MOFs as low-x
materials in microelectronics applications." However, these
theoretical calculations did not take into account the orienta-
tional and ionic contributions to the molecular polarizability,
which drastically contribute to the dielectric constant. These
theoretical results encouraged us to search for new MOFs
materials with experimentally ultra-low « values.

In this work, we report on the preparation of a MOFs,
[NH,(CHj),]5[Zn;(bpdc),]-3DMF (1) (Hybpde = 4,4"-biphe-
nyldicarboxylic acid), which have 3D frameworks with high
thermal stability (Fig. S11) and a ultra-low « values of its guest-
free sample 1'. The 1’ possesses a very low « values of 1.80 (at 100
kHz) and high thermal stability at temperatures up to 360 °C
(Fig. S21), making it a potential candidate for use as an ILD. To
the best of our knowledge, to date, the k values of 1’ is the lowest
value for MOFs reported. Furthermore, compound 1 shows
dielectric relaxation and anomalies in the temperature range of
35-140 °C. Dielectric relaxation and anomalies of 1 is related to
reorientation of the dipole moment of surface absorbed water
and guest DMF molecules, respectively.

The compound 1 was obtained from the solvothermal reac-
tion of Zn(NO3),6H,0, H,bpdc and [NH,(CHj3),]Cl in DMF. X-
ray crystallographic analysis reveals that it crystallizes in the
space group Pna2,.§ The asymmetric unit contains of three

§ Crystal data for compound 1, space group Pna2;, a = 24.7046(12) A, b =
14.5230(9) A, ¢ = 22.3879(12) A, @ = 8 = y = 90.00°, V = 8032.4(8) A®, Z = 4, D,
=1.033 g cm™*, Mu = 0.939 mm (see ESI).
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crystallographically distinct Zn>* ions, four deprotonated
bpdc®~ ligands, two [NH,(CH;),]" ions and three free DMF
molecules. Three crystallographically independent Zn>" ions
have two coordination modes (Fig. 1a). The Zn(1) and Zn(3)
adopts a four-coordinated and formed slightly distorted tetra-
hedral geometry, and the Zn(2) adopts a six-coordinated
geometry. O13 and 016 atoms originated from monodentate
coordination of the bpdc®~ ligands and the other oxygen atoms
are coordinated by p2-modes bpdc®~ ligands to Zn>" ions. The
shortest and longest Zn-O distance is 1.881(10) and 2.088(9) A,
respectively. Each Zn(2) atom is connected Zn(1) atom and Zn(3)
atom by three bridged bidentate bpdc®~ ligands to form trinu-
clear building blocks. As shown in Fig. 1b, trinuclear building
blocks are further linked together by bpdc®~ ligands make up
the 3D anionic framework with two different channels, and the
channels is occupied by [NH,(CHj;),]" ions and disordered DMF
guest molecules. Parallel to the ac plane, the monodentate
bpdc®~ ligands bridge trinuclear building blocks to afford layers
stacking, and the layers are pillared by bidentate bpdc®~ ligands
to give rise to a regular 3D network (Fig. 1c), and channel

Fig.1 Structure of 1 (a) trinuclear metal cluster building blocks; (b) 3D
anionic framework with two different channels; (c) regular channel
along the b-axis direction; (d) the triangle cage along the c-axis
direction; (e) two independent interpenetrated triangle cage.
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dimensions is about 13 x 18 A along the b-axis direction. The
triangle cage was formed along the c-axis direction with small
channel (Fig. 1d). Overall, two individual triangle cage are
independent interpenetrated to form the entire framework of 1
(Fig. 1e). It should be noted that although the framework of 1 is
interpenetration networks, it is still highly porous. After the
removal of solvent molecules in the channels, the accessible
volume of 1 is 40.2%.

The temperature dependent dielectric properties were investi-
gated in the temperature rang of 30-135 °C, and two-step dielectric
relaxation were observed. As show in Fig. 2a, it is clear that
compound 1 shows the first step dielectric relaxation in the
temperature range of 30-80 °C. When 1 was heated from 30 to
37 °C, the dielectric constant progressive increased and reaches
a maximum of 174.4 at 10° Hz. Further increase in temperature
results in the dielectric constant of 1 slowly decreasing and
dielectric peak disappears. The first step dielectric relaxation is due
to the relaxation of absorbed water molecules in the sample
surface. The dielectric relaxation signal was not observed in the
cooling process (from 95 °C to 30 °C) for losing surface water
(Fig. 2b). The « value is directly related to the polarization
phenomena. The higher the polarization, the greater the increase
in « value will be. Usually, the MOF materials with low « value
feature the reorientational motions of polar guest molecules being
restricted at low temperature or frameworks solvent-free. However,
for 1, the thermally assisted dynamical dipole motion due to polar
DMF molecules is appeared. The guest molecules get enough
excitation thermal energy to be able to obey the change under the
external electric field more easily in the high temperature regime,
and the reorientational dynamics of guest molecules is activated
above 105 °C. This in return enhances their contribution to the
polarization leading to an sharp increase of dielectric permittivity
value. At f= 10° Hz, the dielectric constant reaches a maximum of
237, and then sharply decreased when the temperature increased.
In the following cooling process, a very low « value was observed
and no dielectric relaxation was occurred (Fig. 2c). The second step
dielectric relaxation at different frequency are shown in Fig. 2d,
which can be ascribed to the guest polar DMF reorientational
motions. In addition, the dielectric loss values shows similar
features in the selected frequency range (Fig. S3t).

Removing polar guest molecules from the framework may be
decreases the polarization and the possibility of any type of
hydrogen bonding or ionic interactions between the framework
and guest molecular, hence, the « value will also decreases. The
guest-free sample 1’ were obtained by simply heating method.
The PXRD patterns of the 1 match well with the 1’ (Fig. S47),
thus demonstrating the phase were unaltered. The dielectric
properties of guest-free sample 1 were investigated. As shown
in Fig. 3, after removing the polar DMF molecules, a very low «
value of 1.78 at 100 kHz at 40 °C with a low dielectric loss (0.005)
was observed (Fig. S51). It is very interesting as the temperature
increase from 40 to 130 °C, « value increases very slowly. k value
is 1.99 at 130 °C. With the ac electric field frequency increasing,
the « value slightly decrease (Fig. 3a). It is noteworthy that, to
date, dielectric investigations of MOFs have received relatively
little attention, although a few exciting examples have been
reported. Only a limited number of MOFs have been reported to

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Temperature-dependent real part dielectric constant (¢') in

the temperature range of 30-95 °C at selected frequency of 1; (b) plots
of ¢ vs. T in the 30-95 °C range at 5 x 10° Hz with the heating (black
dot) and cooling models (red dot); (c) plots of ¢ vs. T in the 100-135°C
range at 10° Hz with the heating (black line) and cooling models (red
line; (d) temperature-dependent ¢ in the temperature range of 30—
135°C.

possess ultra-low «k value.”'® The ultra-low « values for a few
MOFs are shown in Table S2.1'” To the best of our knowledge,
the k values of 1’ is the lowest value for MOFs reported. From the
published paper and our results, to obtained the ultra-low «
MOFs, ligands should have high symmetry and small polarity
and polar guest molecular should be avoid. Furthermore, some
small counter ions could be decrease « values. As the vacuum
has the lowest dielectric constant, thus, k values can be reduced
significantly by increasing porosity of MOFs. High thermal
stability and MOFs thin-film growth are required for the prac-
tical applications of ultra-low xk MOFs in microelectronics. ZIF-8
films with « value of 2.4 were deposited on silicon wafers and
characterized in order to assess their potential as future insu-
lators (low-x dielectrics) in microelectronics.’® We recently re-
ported a hydrogen bonding MOFs [Zn(H,EIDA),(H,0)]- 2DMF,
which exhibited low-« behaviour, but its thermal stability was
not perfect.
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Fig. 3 Temperature-dependent real part dielectric constant (¢) at
selected frequency of 1.
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Conclusions

In conclusion, we have presented a 3D MOFs [NH,(CH3),],[-
Zns(bpdc),]-3DMF (1) and its guest-free framework (1'). 1
possesses two types of cavities, which are occupied by counter
ions and the polar solvents DMF, and shows two-step dielectric
relaxations which is related to reorientation of the dipole
moment of surface absorbed water and guest DMF molecules.
Two step relaxation were not observed in guest-free framework
1’. 1’ shows quite low « value (to the best of our knowledge, the «
values of 1’ is the lowest value for MOFs reported to date) and
high thermal stability. The ultra-low « value exhibits no signif-
icant change over a wide temperature range (40-130 °C). The
ultra-low dielectric constant of 1 can be attributed to the highly
porous and small counter ions in the channels. The foregoing
results discussed in this work provide an effective path towards
achieving remarkable new applications for dielectric MOFs in
the future.
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