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ABSTRACT: The field of metal—organic framework (MOF) materials is rapidly advancing
toward practical applications; consequently, it is urgent to achieve a better understanding
and precise control of their physical properties. Yet, research on the dielectric properties of
MOFs is at its infancy, where studies are confined to the static dielectric behavior or lower-
frequency response (kHz-MHz) only. Herein, we present the pioneering use of
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synchrotron-based infrared reflectivity experiments combined with density functional :2 )
theory (DFT) calculations to accurately determine the dynamic dielectric properties of 3 201
zeolitic imidazolate frameworks (ZIFs, a topical family of MOFs). We show, for the first 8

time, the frequency-dependent dielectric response of representative ZIF compounds, % 15¢
bridging the near-, mid-, and far-infrared (terahertz, THz) broad-band frequencies. We é

establish the structure—property relations as a function of framework porosity and structural =

; ’ 0 05
change. Our comprehensive results will pave the way for novel ZIF-based terahertz Density of ZIF, (g cm)
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applications, such as infrared optical sensors and high-speed wireless communications.

etal—organic framework (MOF) materials have long

been considered as promising candidates for industrial
gas storage and gas separations due to their selectivity and
significantly large surface areas, in the range of 1000 to 10 000
m? g~.' However, large quantities of the materials are required
for such applications, and this, along with other restrictions
such as poor processing scalability, has resulted in the recent
shift in scientific focus to investigate the potential of these
hybrid materials to afford smaller value-added applications, such
as photonics-based sensing,”’ smart switches,”* energy
conversion devices,” and tunable optoelectronics.”

Materials, such as MOFs, featuring “ultralow-k” dielectric
constants (k & 1.1—1.5) are promising candidate materials for
the future microelectronics industry. This is due to the
dependence of low-k dielectric response upon porosity’ and
the underlying framework structure,'® both of which are
tunable in MOF materials. Of specific interest are devices that
can lead to integrated circuits, in which the MOF may act as an
interlayer dielectric insulating material.”'" There are, however,
a number of challenges for the engineering of functional devices
integrating new low-k materials to accomplish real-world
applications.7’12 These include thermal and chemical stability,
predictable mechanical behavior, long-term resilience, and
excellent adhesion to adjacent device interlayers.
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The latest literature highlilghts the promising future of MOFs
as low-k dielectric materials,  though little work has been done
focusing on the terahertz (THz) and infrared (IR) frequency
domains.'® Theoretical work in the field exists but has been
mainly limited to the semiempirical Clausium—Mossitti model
and only applied to the static dielectric constant of cubic Zn-
based MOFs.” There have more recently been some interesting
ab initio studies on hypothetical frameworks, where qualitative
dynamic (frequency-dependent) dielectric constants in the
near-ultraviolet (UV) region have been elucidated."* An
example of experimental study exists employing spectroscopic
ellipsometry to determine the frequency-dependent dielectric
and optical properties of HKUST-1 thin films. The results were
in reasonable agreement with theory, but aﬁain, the work
reported was restricted to the near-UV region.”” Thin films of
ZIF-8 have also been studied in the lower kHz to MHz
frequency regions employing a capacitor arrangement, high-
lighting zeolitic imidazolate frameworks (ZIFs) as promising
candidates as low-k dielectrics.'® Other recent studies within
the kHz—MHz frequencies have investigated the dielectric
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Figure 1. Porous framework structures of (a) ZIF-4, (b) ZIF-7, (c) ZIF-8, (d) ZIF-71, and (e) ZIF-90, viewed along the crystallographic c-axis. The
ZIF structures named above are constructed from the same inorganic building unit: ZnN, tetrahedra (highlighted in purple) bridged by a series of
different imidazolate-derived organic linkers: imidazolate, 2-benzimidazolate, 2-methylimidazolate, 4,5-dichloroimidazolate, and 2-carboxyaldehyde
imidazolate (note that the O atoms are disordered in the ZIF-90 linkers). Dashed lines represent one unit cell. Color scheme: Zn pink; C gray; N
blue; O red; Cl green; H white. Sample preparation details are given in the Supporting Information (SI section 1).

properties of another Zn-based MOF in the presence of solvent
molecules, illustrating the opportunity to tune host—guest
interactions'” and an additional Zn-based MOF with high
thermal stability."®

One major limitation delaying these promising materials for
engineering dielectric applications is that experimental methods
to characterize these properties across the broad-band spectral
frequency range are insufficient. Measuring the dielectric
constants of polycrystalline pellets is challenging, particularly
by employing the conventional capacitor impedance method in
the MHz frequency range,'>'® where intercrystal porosity may
affect the determined values due to air gaps entrapped in the
pellet. The dielectric measurement technique encompassing the
THz spectral region is also less developed but important for
emergent high-speed communication technologies'’ and
optical remote sensing applications.”® In addition, theoretical
methods are only starting to provide an improved procedure to
allow for a quantitative determination of the dynamic dielectric
behavior of complex framework materials such as MOFs."’

Fourier transform infrared (FTIR) spectroscopy has been
very informative in probing the structural dynamics of MOFs.
We recently demonstrated this using synchrotron-based far-IR
spectroscopy and inelastic neutron scattering (INS) in
conjunction with ab initio density functional theory (DFT)
to explain the framework-specific collective vibrational motions
of a variety of MOF structures at the THz frequencies.”"*
Intriguingly, these THz vibrational motions are linked to
various physical phenomena, including gate-opening and
breathing mechanisms in ZIF-8 and ZIF-7°*”* and shear-
driven destabilization motions of ZIF structures.”®

Synchrotron IR spectroscopy can also be utilized to achieve
high-quality reflectance spectra across the broad IR spectral
range using a single setup, thereby avoiding systematic errors.
By adopting the Kramers—Kronig Transformation (KKT)
theory,” the real and imaginary parts of the complex refractive
index as a function of frequency, 7i(®), can be determined as

ilw) = n(w) + ix(®)

while the dynamic dielectric constant, or more precisely the real
and imaginary parts of the frequency-dependent complex
dielectric function, (@), can be determined as

#w) = &'(w) + ie" (w)

It is noted that fi(w) and (w) are dependent on each other as
a direct result of the causality principle. The relationship
between these two complex physical quantities is
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it =&
where the real and imaginary parts of the dielectric constant as
a function of frequency w are given by

e'(w) =n* — k*

e"(w) = 2nk

The dynamic dielectric constants presented in this study have
been calculated using the KKT routine as implemented in the
Bruker OPUS code.”’

In this study, for the first time, we report the broad-band
frequency-dependent dielectric and optical properties for a
topical family of ZIF materials (see Figure 1). We demonstrate
the efficacy of the synchrotron-based reflectance spectroscopy
technique (Figure 2) to accomplish accurate dynamic dielectric
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Figure 2. Schematic of the experimental setup employed in the
synchrotron-based reflectivity measurements conducted at the B22
MIRIAM Beamline in the Diamond Light Source (Oxfordshire, UK.).

measurements, bridging the near-, mid-, and far-IR broad-band
frequencies (Figure 3), hitherto unexplored in the MOF
literature today. Subsequently, we establish the structure—
property relationships underpinning the ZIF family of materials,
elucidating the fundamental roles played by porosity and
structural variation on the tunability of dielectric properties.
The new methodologies that we propose address outstanding
challenges in the field, specifically by opening the door to the
quantitative characterization of numerous MOF structures also
transferable to novel functional compounds, the majority of
which are only obtainable in polycrystalline fine powder forms
reminiscent of the samples employed in this work.

The experimental spectra were measured using a customized
setup at the Diamond Light Source (Oxfordshire, U.K.)
utilizing a Bruker Vertex 80 V FTIR interferometer to provide
in situ IR data using a synchrotron radiation source. The
advantage is the ability to use a specular reflectance technique
that enables KKT calculations and the broad band of the
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Figure 3. Frequency-dependent dielectric functions of (a) ZIF-4, (b)
ZIE-7, (c) ZIF-8, (d) ZIF-71, and (e) ZIF-90, measured across the far-
IR and mid-IR spectral regions. The real part of the dielectric
constants plotted here corresponds to the magnitude of &'(w),
obtained from the KKT. Given the broad-band data, the far-IR and
mid-IR regions are both plotted on separate logarithmic axes for
clarity. The spectral region at the boundary between the mid-IR and
near-IR (7000—9000 cm™) is shown as an inset to show the dielectric
values more clearly.

synchrotron radiation to cover the whole IR spectral range. A
more detailed description of the experimental setup is available
in the Supporting Information (see SI section 2). KKT is valid
and produces reliable results under specific conditions. If the
material is absorbing IR radiation (as is the case with most
materials, including MOFs), then the transformed spectra will
be affected by the absorption bands, and it is, therefore, critical
to ensure that the selected spectral cutoffs for the KKT analysis
do not coincide with any absorption features. This is not a
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major concern toward the near-IR region as overtone
absorptions are very weak. However, care must be taken
when selecting the spectral cutoff in the mid-IR and far-IR
regions, where there are many distinctive absorption features
present in MOFs.”>*®

Specular reflection occurs at the sample surface, thereby
requiring the samples to exhibit a low roughness value (<100
nm) compared to the incident wavelength. The reflectance
spectra in this study were collected using pressed pellets of ZIF
powder materials (~1 mm thick with 13 mm diameter), where
we have ensured that the prepared pellets were as smooth as
practically possible. The surface quality was characterized using
the Alicona InfiniteFocus 3D profilometer (noncontact mode),
which confirmed that the root-mean-square (RMS) roughness
of the pellets was below 50 nm. Additionally, we found that
surface roughness was not strongly affected by the magnitude of
pressure used to press the specific pellet (under 1—10 tonnes;
see SI section 3).

Figure 3 shows the experimental frequency-dependent
dielectric properties of ZIF materials in the extended IR
spectral region encompassing 65—9000 cm™! (~2-270 THz),
determined from the measured reflectivity spectra (see SI
section 4). The dynamic dielectric data were obtained for the
five ZIF structures (Figure 1), namely, ZIF-4, ZIF-7, ZIF-8,
ZIF-71, and ZIF-90, which are all Zn-based materials with
different imidazolate derived linkers. We found that all
dielectric constants, &¢'(®), are within the range of 1.2—2.5.
Of particular interest are the relatively low values witnessed
closer to the near-IR spectral region, ie., beyond 4000 cm™
(>120 THz). The values of &¢'(w) are ~1.2 for all of the
structures, excluding ZIF-90 (likely due to the microstructural
defects in ZIF-90).” Moreover, we observed that the near-IR
spectral region (>4000 cm™") appears to be less sensitive to the
framework structure, exhibiting an overall common asymptotic
behavior. The corresponding values of the complex refractive
index of the five ZIF structures, i.e., n(w) and x(w) as a
function of frequency, are summarized in the Supporting
Information (SI section S). In fact, the dependence on the
structure is still relevant even in the higher-frequency regions of
270 THz (9000 cm™). However, in this study, we found that
for ZIFs it is significantly less structure-dependent in the near-
IR frequencies (>4000 cm™') compared to that in the lower
THz frquencies (<600 cm™) or static dielectric values.

The spectral data in Figure 3 reveal that the dielectric values
decline with increasing frequency, suggesting that the static
dielectric constant, ¢’(w = 0), represents the maximum value
for each of the ZIF materials. Also, the gradient in the decrease
of the dielectric constant with respect to wavenumber is higher
in the low-frequency far-IR region compared with that in the
mid- and near-IR (Figure 4). The data presented in Figures 3
and 5 demonstrate that the far-IR dynamic dielectric constants
are significantly structure-dependent and show a direct link to
the porosity and the density of the framework. The direct link
to the level of porosity is to be expected from a fundamental
point-of-view as the dielectric constant is a measure of the
ability of a substance to store electrical energy in an electric
field, such that when the porosity within the framework
increases the dielectric constant &’ will tend toward the value of
a vacuum (&’ = 1) or air (¢’ ~ 1).

Because the specular reflectance experiments were conducted
on pelletized samples, the effects of pelletization pressure were
investigated to ensure that accurate dielectric constant values
were being reported and to ensure that no pressure-induced
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Figure 4. Spectra of the (a) theoretical DFT and (b) experimental far-
IR dielectric data of ZIF-8 showing the stepwise effect of pelletization
pressure on the real part of the dielectric constant, ie., (). Plots
showing the upward trend in the dielectric constant of ZIF-8, upon
increased pelletization pressure, at a range of specific spectral points:
(c) 65, (d) 600, (e) 4000, and (f) 9000 cm™". The gradient of the
fitted trend line highlights that the dielectric constant is more sensitive
to increased pelletization pressure in the THz frequency region (1.95
THz ~ 65 cm™). (g) Dielectric constant values for ZIF-8 at 65, 600,
4000, and 9000 cm™, extrapolated to assume zero pressure effects.

amorphization or phase transitions, as often reported for the
ZIF family, had occurred.’® We performed an extensive
investigation into the effects of pressure on the ZIF-8 material.
Figure 4a shows the frequency-dependent dielectric function of
ZIF-8 predicted by ab initio DFT using the CRYSTAL14
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because of the dielectric constant in x # y # z. The theoretical
dielectric constants are static values, ie., @ = 0, thus showing some
discrepancies to the experimental values measured at 65 cm™". Note:
The porosity and density values were determined from Crystallo-
graphic Information Files (CIFs) using the Mercury CSD program.**
ZIF-1-ZIF-4 and ZIF-zni have the same chemical composition
Zn(imidazolate), but exhibit different topology and porosity; details of
the structures can be found in refs 35 and 36. The ZIF-SOD-Im
structure is a hypothetical sodalite (SOD) framework akin to ZIF-8,
formulated by substituting the 2-methylimidazolate linkers of ZIF-8
with the (less bulky) unsubstituted imidazolate (Im) linkers to yield a
more porous structure with reduced density.

code® (see computational details in SI section 6). Notably, all
major dielectric transitions have been correctly identified,
although the magnitudes of the experimental dielectric constant
(Figure 4b) are relatively lower than the DFT theoretical values
predicted for an idealized single crystal. This discrepancy may
be linked to the polycrystalline nature of the pellets'® used in

DOI: 10.1021/acs.jpclett.8b00799
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the experiments, where intercrystal porosity may affect the
determined values due to air gaps entrapped in the pelletized
sample.

As can be seen from Figure 4c—f, our data suggest that there
is a linear trend in the increase of the dielectric constant at each
spectral region with increased pelletization pressure. Note-
worthy, the pelletization pressure had a greater effect on the far-
IR spectral region (THz) with an increased gradient of 0.71
GPa™}; for example, this is more than double that of the near-
IR region (gradient = 0.35 GPa™'). The increase in dielectric
constant was confirmed to be primarily an effect of the porous
structure mechanically straining under the pelletization
pressure’” and an additional contribution resulting from the
higher densification of the pellet. This was confirmed via X-ray
diffraction (XRD), linking the increase in dielectric constants to
the decrease in the Bragg peak intensities of ZIF-8 (see XRD
data in SI Figure S8). We observed the onset of the pressure-
induced phase transition of ZIF-8 at pressures above 0.3 GPa,
indicated by the evolution of a new spectral feature at ~385
cm™" (also SI Figure S21 inset). However, the spectral feature
observed at around 420—450 cm™' is a numerical artifact
resulting from the spectral range used for the KKT; the artifact
can be eliminated as discussed in SI section 7.

We found that pellets compressed under 0.038—0.150 GPa
of pressure (i.e., 0.5—2.0 tonnes over a 13 mm diameter pellet)
did not affect the resultant dielectric values significantly, as can
be seen from Figure 4g; values obtained using these pellets
were therefore used to analyze structural trends over the
broader ZIF series. Figure 5 shows the structure—property
correlation that we established between the THz region (65
cm™") dielectric constant with the framework porosity and with
the physical density of the framework. In establishing the trends
in Figure S, we have further considered the DFT theoretical
static values (i.e., effectively zero frequency) of additional ZIF
structures: ZIF-1, -2, -3, -4, while the upper and lower bounds
in the current study are defined by ZIF-zni and the hypothetical
ZIF-SOD-Im structure, respectively. It can be seen that the
comparison between the DFT values (static) and the
experimental values (THz) is reasonably good. This result,
therefore, allows us to establish a first estimate of the THz
frequency dielectric constant (likewise, the refractive index) of
other ZIF structures by the structure—property trends
projected in Figure 5.

While all of the dielectric constant values considered in this
study are for the Zn-based materials, it can be anticipated that
the effect of the specific metal node will be less significant than
the role of the bridging organic linkers."****” On this basis, we
consider that the primary contributing factors to the dielectric
constant are strongly dependent on the levels of porosity
scaling with the framework density. If we extrapolate the trend
to a porosity value of 100%, it will result in a dielectric constant
of ~1 (this value is to be expected as the porosity of 100% is
essentially air). Therefore, if we consider some of the most
porous MOFs, when completely activated, then we can predict
dielectric constants of approximately the same response to air.
For example, we reasoned that the Zn-based MOF with the
lowest density obtained from the hypothetical MOF database™®
would give a dielectric constant of ~1.1 (density = 0.118 g
cm™3). Furthermore, if we assume that the choice of metal or
linker does not make a major difference, then the recently
synthesized and lowest-density MOF to be experimentally
proven, uranium-based NU-1301 (density = 0.124 g cm™),”
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would also have a static dielectric constant of ~1.1. The exact
value, however, will require further experimental validations.

In summary, this study demonstrates the pioneering use of
specular reflectance spectroscopic experiments to systematically
obtain complex dielectric functions and refractive indices of
ZIFs in the extended IR region (65—9000 cm™"). Of particular
novelty are the THz region dielectric response and the good
agreement with theoretical values calculated via DFT. The
dynamic dielectric behavior of the ZIF structures was analyzed,
and the THz frequency dielectric constants were found to be
structure-dependent and exhibit a strong correlation with the
porosity and the density of the open framework. The
structure—property trend derived in this work can be exploited
to motivate research concerned with the engineering of tunable
MOF dielectrics. It will set the foundation for the promising
field of ultralow-k porous materials and subsequent integration
into a host of polycrystalline thin-film devices.”***'
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