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Abstract

Advances in telecommunications require electronics that operate at ever-increasing
frequencies, exemplified by 5G or fifth generation technologies that operate in the GHz
regime. At high frequencies, electrical circuits are plagued by so-called RC delays, aris-
ing from the time constant 7 = RC for electrical signals which is the product of the
resistance R and the capacitance C, respectively, of conductors and their insulating
substrates. Beside using high quality, low-R electrical conductors such as high-purity
Cu with low surface roughness, small RC delays are achieved by lowering the dielec-
tric constant « of the materials used in printed circuit board (PCB) substrates. These
largely comprise particles of an inorganic material, notably functionalized SiO5, em-
bedded in a polymer-based matrix. The value of  of the composite is primarily dictated
by « of the inorganic material. The properties of the inorganic component also impact
other relevant parameters such the quality factor, mechanical strength, and thermal
expansion of the substrate. Here we ask whether there are inorganic compounds with
dielectric constants (measured at 10 GHz) that are lower than that of SiO5 that could
potentially replace it in electronics. We describe the key characteristics for low-x ma-
terials and develop a framework for screening such compounds by employing some
guiding principles, followed by using a combination of empirical estimates and den-
sity functional perturbation-theory based calculations. We then report experimental
results on two promising, aluminum-based low-x compounds for high-frequency ap-
plications. The first is the cristobalite form of AIPO4. The second is the simplest 3D
metal-organic framework, aluminum formate AI(HCOO)3. The measured values of x
at 10 GHz, which are 4.0 for AIPO4 and 3.8 for AI(HCOO)3, compare well with what is

measured on SiO, particles.



Introduction

The implementation of fifth-generation (5G) telecommunications technology promises
many significant advancements in data networks, including faster, more reliable, and
cheaper communication. One barrier to realizing these potential benefits is that current
hardware must be optimized for compatibility with the high-frequency ranges used in 5G
networks. An example of this can be found in the development of specialized electronics
used for multiple-input multiple-output antennae in 5G handsets and base stations. The
ideal dielectric material for use in these electronics should possess a low dielectric constant
(k) and low loss at the frequencies of interest, and should allow for effective thermal and
thermomechanical management. Critically, the material with the lowest dielectric constant
will produce the most efficient antenna, which in turn will reduce power consumption in
devices.!

Identification of materials that have all of these necessary characteristics is a challenge
for widespread implementation of the 5G technology. Furthermore, the need for low-x
and low-loss materials extends beyond 5G applications to other types of advanced elec-
tronics that rely on printed circuit board (PCB) technology.?? In general, the operational
speed of a circuit is limited by its time constant - = RC, the product of the resistance R
and capacitance C'. As circuits become smaller, with thinner wires placed closer together,
the resistance of the wires and capacitive effects between them increase, causing longer
delays. Given that circuit miniaturization is required to produce advanced devices, a crit-
ical strategy to lower 7 is to reduce capacitive effects by using a PCB material with a low
dielectric constant.*

In addition to low dielectric constant, there are several other important characteristics
for the low-x material to be used in PCBs. These include low dielectric loss, thermal and
chemical stability, hydrophobicity, mechanical strength, low thermal expansion, and ac-
ceptable thermal conductivity.® In order to meet these requirements, a common solution is

to combine a low-« inorganic component, such as silica particles or fibers, with an organic
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polymer to produce a composite which takes advantage of the best qualities of both mate-
rials. The dielectric properties of these composites can also be enhanced through a number
of strategies. For example, more C-C and C-F bonds can be incorporated into the polymer
to minimize polarizability and hence x.> Additionally, porosity can be engineered into the
composite in order to lower its density and therefore reduce the number of dipoles.>”

There are several ways to reduce the dielectric constant of composites, but each often
involves trade-offs with other desirable qualities. For example, the use of a larger volume
fraction of the organic component relative to the inorganic component may lead to a lower
dielectric constant for the composite but could produce deleterious thermal expansion
effects and poor mechanical properties. Therefore, in order to further reduce the dielectric
constant of PCB composites, it is important to identify materials which have the desirable
qualities of silica (low loss, mechanical strength, stability, and good thermal management)
while also possessing low dielectric constants (defined in this work i as being < 4.0 when
measured at 10 GHz.)

While silica works well and is inexpensive, there is nevertheless an interest in find-
ing other materials, since established limits to low-dielectric performance have not been
outlined in the literature. Several materials have been proposed as alternatives to silica,

8-10 and several borates.!!"13 The char-

including AIPO,~BPO,4-SiO, ternaries,* cordierite,
acteristics of these compounds suggest that compounds with low-atomic number atoms
and open frameworks should be prioritized. Furthermore, the search for low-«x materials
should be contrasted with efforts to find inorganic high-dielectric constant materials and

ferroic materials!41?

where traditionally second-order Jahn-Teller?° ions such as Ti** and
lone-pair ions such as Bi** are used.?! These works actually aid in the search for low-x
materials by suggesting which ions are best avoided.

In the present work, we have focused on developing a methodology for the identifica-

tion of materials with dielectric constants comparable to or lower than that of silica. The

main challenges are the large number of parameters that require optimization for a suc-



cessful low-x material and the lack of standardization in literature in reporting of dielectric
constants. We have found that estimates using the additive formula?? with empirical val-
ues tabulated by Shannon,?? are suitable for identifying potential low-x candidates from a
large database of materials. First-principles calculations based on density functional theory
(DFT) then refine the search, and also permit estimates to be made for compounds that
are not appropriately parametrized for the additive formula approach. As a result of this
screening procedure, we have identified the simple aluminum-based framework structures,
AlPO,4 and the metal-organic framework AI(HCOO); (ALF), as suitable for low-x applica-
tions. ALF is arguably the simplest example of a metal-organic framework and has both
porosity and excellent mechanical properties. It has recently been shown to be effective in
a number of important gas separations.?*2% ALF is also interesting to study in the context
of some metal formate compounds being to display ferroelectric switching associated with
hydrogen bonding.2”-?® It is important in this context to recognize that polar ground states
are associated with aligned static dipoles, but the dielectric constant is a measure of the
dynamic response of which of a the material to an external electric field. It is possible for
materials to possess permanent dipoles and yet retain relatively low dielectric constants.
We have prepared these compounds and have developed and discussed different strate-
gies for the measurement of their high-frequency dielectric properties, in powder form.
Finally, we compare the case of AIPO,4, where DFT gives an accurate estimate of the dielec-
tric constant, to the case of AI(HCOQO)3, where a simple DFT calculation does not initially
correctly predict the dielectric constant. For completion, we also present DFT calculations
on crystalline polyethylene (as a compound that can be compared to measurements on
paraffin), and on a model for crystalline polytetrafluoroethylene, that is again compared

with experiments on pressed pellets.



Methods

First-Principles Calculations

Static dielectric constants were estimated using density functional theory (DFT)-based
electronic structure calculations as implemented in the Vienna ab initio Simulation Pack-
age (VASP).2°-31 All calculations used the PBE functional,3? PAW pseudopotentials,®>3* a
plane-wave cutoff energy of 500 eV, and a Monkhorst-Pack grid® with a length parameter
of 30. For the density functional perturbation theory calculations of the dielectric con-

stant,3%%” we report the predicted constant for a polycrystalline sample using Equation 1,

o 3A A2 )3
s+ A+ Ao

(1)

where ); are the eigenvalues of the total dielectric tensor calculated in VASP. This is the
convention used in other high-throughput DFT studies of dielectric constants.®® As dis-
cussed previously,3® estimating the dielectric constant of a polycrystalline sample from the
tensor components is not trivial except in the case of high symmetry crystal structures, and
the formula used here will not always give the same results as other common approaches,

such as averaging the eigenvalues.

Synthesis of AI(HCOO);

A hydrothermal synthesis of AI(HCOO)3; was performed following the literature.*® 50 mg
(0.64 mmol) of AI(OH); was combined with 7 mL of concentrated formic acid and stirred
for 30 min. The mixture was then transferred to a polytetrafluoroethylene-lined 23 mL
stainless steel digestion vessel and heated at 130 °C for 3 days. Cooling to room tempera-
ture yields a white powder, which was isolated by filtration and rinsed with concentrated
ethanol. In order to remove the template CO, molecule from the cavities of the structure,

the powder was heated at 180 °C for 24 hours.*



Modification of AIPO,

AlIPO,4 was purchased from Fisher Scientific; however, the as-received powder was mul-
tiphasic. In order to isolate the desired orthorhombic phase, which has the cristobalite
structure, the powder was heated to 1300°C in a furnace and allowed to equilibrate for

1h. The sample was then removed from the furnace and allowed to cool rapidly in air.

Powder X-ray Diffraction and Rietveld Refinements

Powder X-ray diffraction (PXRD) measurements were performed on a Panalytical
Empyrean powder diffractometer in reflection mode with a Cu-Ka radiation source. Ri-
etveld analysis was performed to confirm structure and phase-purity using the TOPAS soft-

ware package. Crystal structures were visualized using the VESTA software package.*?

Scanning electron microscopy

The AI(HCOO); and AIPO, powders were placed on double sided carbon tape and inserted
into an Apreo C FEG (ThermoFisher) microscope chamber. SEM images were collected
using secondary electron (SE) and InLens detectors with 5keV accelerating voltage and

0.8 nA current.

Infrared Spectroscopy

Fourier transform infrared (FTIR) spectra of powders were obtained using a Nicolet iS10

FTIR equipped with a Smart Diamond ATR accessory in absorption mode.

Pellet Preparation

Two methods of preparing pellet samples for dielectric measurements were employed. The

first was a modified version of a literature procedure* in which different volume loadings



of inorganic particles were introduced into a paraffin wax matrix. We prepared mixtures
of different ratios of melted paraffin wax and the inorganic phase of interest and drop-
cast pellets of the mixtures onto polyethylene terephthalate (PET) sheets. The pellets
were flattened into thin films (thickness less than 1 mm) suitable for measurement as the
mixture cooled by pressing the PET sheets together.

While this first method has been shown to be reliable for measuring the dielectric
constant of a variety of materials,* it was difficult to obtain pellets of perfectly uniform
thickness. Given that the dielectric measurements are very sensitive to even small differ-
ences in thickness, it was desirable to test a second set of samples where we could control
the thickness more carefully. For this set of samples, the material under investigation was
ground together with polytetrafluoroethylene (PTFE) beads in an agate mortar and pestle.
After grinding the materials, the mixture was placed into a pellet die with a diameter of
25.4 mm and pressed with forces up to 5 tons. Using helium pycnometry, it was estimated

that this process achieves a pellet densification of between 85% and 90%.

Dielectric Property Measurements

A split-post dielectric resonator (SPDR, purchased from Keysight Technologies) was used
in conjunction with a Agilent PNA model N5242A vector network analyzer (VNA) for mea-
surements of high-frequency dielectric properties. A complete description of the method
can be found in the literature.** In summary, two coupling loops induce a continuous elec-
tric field in the microwave frequency regime within the plane of the sample. The resonant
frequency and quality factor of the SPDR will shift in the presence of a sample, and there-
fore the sample properties can be determined by measuring the SPDR in the absence and
presence of the sample. The resonant frequency can be found with uncertainties on the
order of 0.5% to 1% of the measured resonant curve bandwidth. The SPDR has a reso-
nance frequency of 10.159 GHz and can measure samples up to 0.95 mm thick, where the

sample diameter was always equal to or greater than 22 mm. The accuracy of the device



was confirmed by measurement of a fused silica reference sample included with the SPDR,
which has a measured dielectric constant of 3.824.

The SPDR was calibrated by first performing transmission measurements between the
two ports of the VNA in a shorted configuration using flexible SMA cables (to account
for losses coming from those cables). The signal was normalized around the resonance
frequency 10.159+0.500 GHz using the calibration setting of the VNA software. Following
calibration, the SPDR was connected with the two SMA cables. A reflectance measurement
was used to find the resonant frequency. For an empty resonator, the frequency should
be similar to the device specification (10.159 GHz). A transmission measurement was
recorded at the resonance frequency and the () value was extracted from the bandwidth
at 3 dB beneath the peak of the transmission curve. Next, the sample was inserted to the
SPDR and the resonance frequency and () value were recorded.

The sample thickness was determined by micrometer or SEM cross section. The col-
lected values (resonance frequency, (), and thickness) were entered into the software to

extract the dielectric constant and the energy loss factor following Equation 2.

fO_fs

— ]_ _—
T K )

(2)

where £ is the thickness of the sample under test, f; is the resonant frequency of the empty
SPDR, f, is the resonant frequency of the SPDR with the sample and K, is a function of x
and h determined and are obtained in the iterative procedure.*

In order to determine the dielectric constant of solid inorganic materials, pellets were
prepared as described in the previous section and their dielectric constants were measured.
The data for pellets of various compositions was then fit the the Looyenga mixing model, 4

which is shown in Equation 3.

k2 — Vi3 4 \/;,/1113/3 3)
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where r,, and k, are the dielectric constants of the organic matrix and inorganic particles,

respectively, and V;,, and V, are their volume fractions.

Results and Discussion

design rules +
literature and ICSD

empirical estimate
(Shannon)

Density Functional
Perturbation Theory

synthesis and
measurement

Figure 1: Workflow for the identification of low-~x materials.

There are several strategies for estimating the dielectric constant of materials, including
empirical estimates,?>*” machine-learning,*® and high-throughput DFT.3® In our work,
we have focused on using a combination of physics-based principles to select a set of
compounds on which we have carried out empirical estimates and DFT calculations. The
strategy is outlined in Figure 1. The first step was to establish a set of criteria for low-x

compounds, based on the literature.??#° These principles are used to screen the Inorganic
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Crystal Structure Database (ICSD)>° to identify candidate materials. The criteria are that
materials must be (i) insulating, (ii) stable under ambient conditions and (relatively) easy
to synthesize, (iii) primarily comprise small (low-atomic-number) and high-charge atoms,
(iv) crystallize in structures with extended connectivity — molecular structures and salts
are usually undesirable, and (v) display low-density, which means that structures with
corner-shared coordination polyhedra are prioritized over those with edge- or face-shared
polyhedra. Finally, disperse bands are contraindicated for low dielectric constants at high
frequencies, suggesting that highly covalent 3D networks (diamond for example) would
not be suitable targets. Diamond has light atoms and a relatively open, yet highly rigid
structure, suggesting that it might have a low dielectric constant.However, the nature of its
semiconducting electronic structure results in it famously possessing high refractive index
which is contraindicated for low x; dielectric constants usually vary as the square of the
refractive index, % and indeed, diamond is reported to have x = 5.87 at MHz frequencies. !

A class of compounds that meets many of the above criteria are aluminosilicate zeolites,
due to their porous nature and low-atomic-number components.°>? However, many zeolites
are hydrophilic or are otherwise prone to incorporating small molecules in their cages,
making many of them unsuitable as stable low-« dielectrics. The Materials Project3%°3 is a
useful resource for the screening of low-x materials using, with some care being required
for newer materials. Of the experimentally-observed materials reported in the Materials
Project with low dielectric constants, several are molecular structures that may not be use-
ful as SiO, replacements. Yet other materials have small band gaps or unpaired electrons,
and their calculated dielectric constants must be considered with care.

The second step, after identifying a number of inorganic compounds is to empirically
predict the dielectric constants. The estimate used here is based upon the Clausius-Mosotti
equation for the dielectric constant, where each ion is assigned an empirically-determined
value for its dielectric polarizability «;, for ion i estimated and tabulated by Shannon for

oxides and fluorides?® that is partly reproduced in Table 1. The equation, presented in
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Table 1: Values of the ionic polarizability « in units of A=3 for select ions as suggested by
Shannon.?

Li* Be?t | B3 O~ | F~
1.20 | 0.19 | 0.05 2.01 | 1.62
Na+ Mg2+ A13+ Si4+ P5+
1.80 | 1.32 | 0.79 | 0.87 | 1.22
K+ Ca2+ Ga3+ Ge4+
3.83 1150 |1.63 | 1.72

Equation 4, only requires the contents of the unit cell (number and type of each ion) and
its volume as inputs.
V + 2a(47/3)

Remp. = m “4)

Here, o = X,;v;; with v; being the stoichiometry coefficient of component i, and V is
the molar volume from the associated ICSD crystallographic information files (CIF) file. A
Python script was written to parse CIF files and calculate the expected dielectric constants.
This script is available in the Supporting Information. A drawback of this method is that
the parametrization has been limited to oxide and fluoride crystal structures, an so it is not
suitable for all materials. Additionally, this equation is not accurate for compounds with
unusual dielectric properties, such as ferroelectrics or conductive materials, and it does
not account for the frequency-dependence of the dielectric constant.?® Given that we had
already selected compounds with low atomic number element compositions, the estimated
Kemp. Were all fairly low (<10). However, this step was still important to confirm our
selection criteria and provide a preliminary ranking for which materials should be further
investigated.

After calculating kenp , DFT calculations were performed to provide a potentially more
accurate estimate of the dielectric constant xppr. This step was particularly important
in order to validate the results of the empirical estimation and to estimate the dielectric

constant for compounds where the additive formula could not be applied because of an
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absence of the requisite parametrization. Here, we have focused on calculating the static
dielectric constant, which is the sum of the electronic and ionic contributions to polariza-
tion. A full frequency dependence was not calculated because of the greater computational
expense and because the static constant was expected to be similar to what would be pre-
dicted for the GHz regime in a frequency-dependent calculation. We additionally note that
these DFT calculations were performed on CIF files obtained from the ICSD and literature

without performing geometry optimization.

8 ‘ T T T T | T //
7 /// —
. ,//
7 — 8. x _
s N
6 .11 ///
6 [ 13 \ 12 //// —
- 1 6\/ e J
o w AN
¥ 5 — 7 —
14 S A0
Vio & 5
- 3 u /\ 4
AR !
ﬁ’ m Borates
19 A 22 Silicates -
A Phosphates
3= 2 —
/ | 1 | 1 | 1 | 1 | |
3 4 5 6 7 8
Kemp.

Figure 2: Plot of the DFT-calculated dielectric constant versus the associated empirical
estimates using the Shannon parametrization. The samples identities corresponding to the
numbering numbers are listed in Table 2.

The results of some of the DFT-calculated dielectric constants plotted against their as-
sociated empirical values are shown in Figure2. The calculated values are also shown
in Table 2. The compounds represented in this plot are those identified by our screening
criteria or those reported in the literature as potential low-~ materials, such as SiO,. In
nearly all cases, the dielectric constant estimated by DFT is larger than that estimated
by the Shannon parametrization. This is consistent with other work on DFT calculations,

which has found that DFT tends to overestimate the dielectric constant.38
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Table 2: Estimated dielectric constants for crystalline compounds of interest using the em-
pirical formula (kemp.) based on the Shannon parametrization (when possible) and density
functional perturbation theory calculations (kppr). The numbers refer to the labeling in
Figure 2. ICSD codes are provided when available. “Cambridge Crystallographic Data Cen-
ter.>* Ref. (i) is reference®> and Ref. (ii) is reference.?*

Material Kemp. | kppr | ICSD code || Material Kemp. | kppr | ICSD code
1. SiO, (quartz) 4.56 | 4.65 | 16331 13. Nay,BsOq9 4.02 | 5.45 | 2045

2. SiO, (tridymite) 3.62 | 4.01 | 1109 14. NaB,O¢F 3.80 | 4.72 | 112376
3. SiO, («-cristobalite) | 3.76 | 4.12 | 75300 15. Na3Al;,B;0;5 3.89 | 6.80 | 2119823
4. SiO, (-cristobalite) | 3.48 | 4.06 | 77458 16. NazAIBgO5 3.68 | 5.30 | 2119822¢
5. Mg,SiOy 7.03 | 6.99 | 12124 17. Na3B;0;, 4.51 | 5.38 | 99049

6. Mg,Al,Si;Oq5 4.00 | 5.59 | 156362 18. Nay;BgO;3 4.30 | 5.35 | 95868
MgF, 5.25 | 5.13 | 394 19. H3BO; 2.80 | 3.40 | 255723
NaSbF N.A. | 4.45 | 77919 20. BPO, 6.80 | 4.84 | 55082

7. Mg3B,0Og 6.85 | 7.23 | 31385 21. AIPO, (hex.) 4.60 | 4.67 | 9641

8. Mg»B,05 6.01 | 6.93 | 79721 22. AIPO, (ortho.) | 3.74 | 3.96 | 16651

9. Li,B;0,F; 3.91 | 4.47 | 423661 a-Al(HyPOs); N.A. | 3.96 | 14725
10. LiB;OgF 4.05 | 4.09 | 420286 ~-Al(H,PO,) 5 N.A. | 4.05 | 1888648
11. Na,B,O- 4.11 | 6.27 | 2040 AlI(HCOO); N.A. | 3.14 | Ref. (ii)
12. NayBgOgF, 4.03 | 5.51 | Ref. (i) Al(OH) (COOH)> N.A. | 3.91 | 131852

A notable exception to this trend is BPO4, whose empirical constant is 6.8, while the
estimated constant from DFT is 4.8. Furthermore, other boron-based materials on this
plot also show significant differences between the empirical value and the DFT predic-
tion. The additive formula predicts several of them to have x < 4.5, but their predicted
constants based on DFT are significantly higher. The poor correspondence between DFT-
calculated and empirically predicted values of the dielectric constant for boron-containing
compounds could arise because of inadequate parametrization perhaps related to difficul-
ties in experimentally obtaining accurate x-ray crystal structures of compounds with very
light atoms like boron. Overall, we find that in most cases, the DFT-calculated value can be
considered an upper limit for the estimate of the dielectric constant, while value estimated
from the Shannon parametrization can be considered a lower limit.

Considering the results of the DFT calculations, we found that only a few materials had
predicted dielectric constants that were comparable to that of SiO,. These were AIPO,

(HDFT = 396), Al(HzPOz)g (/QDFT = 396), and Al(HCOO)g (/ﬂDFT = 314) In the case of

14



AlPO,, the constant estimated from the additive formula was slightly lower, at 3.73. For
the other materials, which are hybrid organic-inorganic structures, it was not possible to
calculate the empirical value, as no polarizability values are available for the organic com-
ponents. To validate our predictions, we chose to focus on the dielectric constants of AIPO4
and AI(HCOO)3;. These compounds were selected because AIPO, has been previously re-
ported as a potential low-x material, while AI(HCOO); has the lowest DFT-estimated con-
stant of any material that we investigated and has not been previously considered as a

low-x material.

" — Measured
Fit
—— Difference

B0aen©

Figure 3: Powder X-ray diffraction patterns and Rietveld refinements for (a) AI(HCOO);
and (b) AIPO,. Insets show the crystal structures of the two compounds.

In order to investigate the dielectric properties of AIPO, and AI(HCOO)3, it was impor-
tant to obtain phase-pure samples of these materials. AI(HCOO); can be synthesized on
the gram scale using hydrothermal synthesis, as reported in the literature.*’ During the
synthesis, CO, molecules template the formation of the structure and should be removed

from the cavities by heating the material to 180 °C for 24 hours.?* The removal of CO,
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was confirmed using FTIR spectroscopy, shown in the Supporting Information. The PXRD
pattern and Rietveld refinement for AI(HCOO); confirming phase-purity after heating are
shown in Figure3(a). In the case of AIPO,, the material is purchased from commercial
vendors. However, we have observed that the powder is often received as a mix of poly-
morphs. In order to obtain the pure orthorhombic phase, which was estimated to have the
lowest dielectric constant, the powder required heat-treatment. The powder was heated
to 1300°C, held at that temperature for one hour, and then the crucible was removed
from the furnace to cool in air. The PXRD patterns and Rietveld refinements shown in

Figure 3(b) confirm that the material is single-phase following this procedure.

Figure 4: SEM images of (a) AI(HCOO); and (b) AIPO,4 before and (c) AI(HCOO); and (d)
AlPO, after ball-milling.

After confirming phase purity using XRD, SEM was used to demonstrate that the sam-
ples were homogeneous and that no amorphous phases were present. SEM images of
AI(COOH); and AIPO, particles are shown in Figure 4. In the case of AI(HCOO);, the as-
synthesized particles are cube-shaped with a typical edge length ranging from 100 nm to
500nm. These small cubes tend to form spherical aggregates which are 5 um to 10 ym

in diameter. For the AIPO,4, we observed globule-shaped particles whose size was also on
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the order of 10 um. These larger aggregates and particles are not necessarily a problem
for the measurement of dielectric properties. However, in practical applications, the par-
ticle size would need to be reduced to < 1um in order to produce homogeneous films.
We therefore ball-milled samples to reduce particle size. In AI(HCOO)3, the small cube-
shaped particles remain after 30 minutes of ball-milling, but the larger spherical aggre-
gates are not observed. For AIPO,, SEM images show that ball-milling effectively breaks
the larger particles into smaller fragments. In both cases, XRD confirms that the underly-
ing crystal structure remains intact. This observation is in agreement with previous reports
which demonstrate that, unlike other metal-organic frameworks, AI(HCOQ); is mechani-
cally robust.?* In summary, with proper post-synthetic modification, both materials could
potentially be incorporated into epoxy substrates for PCB applications.

As a next step, we measured dielectric constants at high frequencies (close to 10 GHz).
A split post dielectric resonator (SPDR) device connected to a vector network analyzer
(VNA) was employed, as described in the Methods section. This allowed us to reliably mea-
sure many samples because it does not require contact deposition or customized hardware.
The SPDR is primarily designed for measuring composite films similar to PCB materials.
The method requires powders to be embedded in an organic matrix to form a thin film
with a diameter larger than 22 mm. For each inorganic material, the dielectric constant
can be evaluated by making samples with different ratios of inorganic particles to organic
matrix material. The dielectric constants of these samples are subsequently measured, and
the results fit to the Looyenga mixing model.*® This model takes into account the dielectric
constants of the pure components and their volumetric fraction in the mixture.

As discussed in the Methods section, two types of samples were prepared in order to
measure the dielectric constants of inorganic powders. Each of these methods has its own
benefits and drawbacks. In the case of the paraffin pellets, the main advantage is that it
is easier to control the precise composition of the mixture, which makes the data most

suitable for modeling with the Looyenga mixing model. However, the drawback to this
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Figure 5: (a) Measured dielectric constants for SiO, and paraffin wax pellets and fit to
Looyenga model with x = 3.82. (b) Measured dielectric constants for SiO, and PTFE
pellets and fits to Looyenga model with x = 3.82 accounting for different levels of densifi-
cation. The measurement frequency was 10.159 GHz.

method is that the drop-cast mixture must be flattened into a thin film as the mixture
cools, which often leads to inhomogeneity in the thickness of the films. Additionally, it is
difficult to produce films that have larger volume fractions of the inorganic material, as
the solidified mixtures become very brittle. For these reasons, we also produced a second
set of samples which were mixtures of PTFE and the inorganic particles. These samples
were prepared by grinding the materials in a mortar and pestle and pressing them together
using a pellet die and hydraulic press. This method is effective because grinding the PTFE
beads forms sheets which can encapsulate the inorganic powder, and the samples can be
pressed to a very uniform thickness. However, the disadvantage of this method is that
it was not possible to achieve 100% densification of the pellets. Therefore, in order to
interpret the dielectric data, the role of air must be accounted for in the mixing model,
which adds additional uncertainty to the interpretation of the data for these samples. In

order to evaluate the effectiveness of both sample-preparation methods, we used fumed
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silica powder as a test material, which is known to have a dielectric constant of 3.82. The
results for both sets of measurements are shown in Figure 5.

First considering the results for the silica and paraffin wax pellets, we find that the
data fits fairly well to the Looyenga mixing model when the dielectric constant of the
pure wax is assumed to be 2.2 and the constant of pure silica is 3.82. However, for some
of the intermediate compositions there is a discrepancy between the measured data and
the model, which is likely due to variation in the thicknesses of some of the samples.
Next, considering the PTFE data, we find that the measured dielectric constants for the
pellets are much lower than would be expected if the pellets were 100% dense. Here, the
dielectric constant of PTFE is assumed to be 2.1,°¢ and silica again is 3.82. Therefore,
in this case we needed to add air as an additional “component” in the Looyenga model
and adjust the volume fractions of the silica and PTFE accordingly. Using this method,
we find that the best match to our data corresponds to a densification of approximately
85%. This is in good agreement with pycnometry measurements of the pellets, which
indicated a densification of approximately 90%. We find that the fit is not as good for
larger volume fractions of silica, which can be attributed to the fact that the densification
may be dependent on the composition of the pellet. Overall, we find that the paraffin wax
method provides a more reliable measurement of the dielectric constant, but that PTFE
pellets can be used to corroborate the results.

Given the results of the dielectric measurements for the silica pellets, we have used
paraffin wax pellets to estimate the dielectric constants of our two candidate materials.
The measurements and data fitting for paraffin pellets of AI(HCOO); and AIPO, are shown
in Figure 6. Again using the Looyenga mixing model, the dielectric constants were deter-
mined to be 3.8 for AI(HCOO); and 4.0 for AIPO,. Just as in the case of the silica pellets,
we have also confirmed these values by measuring mixtures of our candidate materials
with PTFE. These measurements and fits to the data are shown in the Supporting Informa-

tion. In the case of AIPO,, the measured value is very close to the value of 3.96 predicted
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Figure 6: Measured dielectric constants for (a) AI(HCOO); and paraffin wax pellets (b)
AlPO, and paraffin wax pellets. The measurement frequency was 10.159 GHz.

by DFT. However, for AI(HCOO)3, there is a significant difference between the measured
value of 3.8 and the value of 3.14 predicted by DFT. This finding is also somewhat unusual
in that it represents a case in which the experimental dielectric constant is higher than the
DFT prediction.

We hypothesized that the discrepancy between theory and experiment for AI(HCOO)3
may be due to finite temperature effects which were not accounted for in the DFT calcula-
tion, or inaccuracies in the position of the organic linkers in our structural model. There-
fore, we have further investigated how changes to the AI(HCOO); structure may influence
the calculated dielectric constant. In Figure 7, we show the crystal structure of AI(HCOO);
determined from Rietveld refinements of neutron diffraction data superimposed with the
structure that results from relaxing the atomic positions in DFT using the PBE functional.
The first crystal structure was used in our original DFT calculations and gives the predicted
dielectric constant of 3.14. We also calculated the constant for the relaxed structure and
obtained a value of 4.14. The main difference between the two calculated values lies in a

change in the ionic contribution to the dielectric constant, where the original structure has
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5

Figure 7: Crystal structure fragment of AI[(HCOO); at 300K determined from neutron
diffraction superimposed with the structure obtained by relaxing the atomic positions in
DFT.

an ionic component of 1.15, while in the relaxed structure the value is 2.12. This result is
somewhat surprising, as the changes to the crystal structure are extremely small, indicat-
ing that the ionic component of the calculated dielectric constant is strongly dependent on
the atomic positions in this structure.

In order to determine whether the sensitivity of kppr to structure is common to dif-
ferent types of compounds, we also investigated the effects of DFT relaxation on other
compositions studied in this work. For example, in AIPO4, we found that the value of
kprr changed from 3.96 (experimental structure) to 3.98 (atomic positions relaxed with
PBE-DFT). The more significant change for AI(HCOO)3; was consistent with our idea that
the presence of the organic linker may contribute significantly to the dielectric constant
for this compound. For this reason, we also used DFT to predict the dielectric constants of
polyethylene and PTFE. For PTFE, there is no crystal structure available for ambient condi-
tions, so a structure was generated by changing the polyethylene structure such that all H
atoms were replaced with F, and the atomic positions and cell parameters were allowed to
relax to their lowest energy positions in DFT. The relaxed structures are shown in Figure 8
and we confirmed that the bond distances and angles for the relaxed polyethylene and
PTFE were realistic by comparison with literature reports.>*-6!

In the case of polyethylene, the calculated value of xppr is 2.52 based on the experi-
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(a) polyethylene, Pnma

Figure 8: Orthorhombic (Pnma) DFT-relaxed crystal structures drawn to scale of (a)
polyethylene and (b) polytetrafluoroethylene (PTFE). Both relaxations used the PBE func-
tional and a D3 dispersion correction.>”->8
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mental structure while for the relaxed structure xkppr is 2.64. These can be compared with
the empirical estimate for polyethylene of 2.3.4° The calculated xppr for PTFE was 2.38,
close to the reported experimental value of 2.1.5 As discussed previously, the measured
dielectric constants at 10 GHz for paraffin wax (expected to be similar to polyethylene) and
PTFE are 2.2 and 2.1, respectively. These observations demonstrate that DFT-calculated
values of the dielectric constant for organic molecules are not especially prone to under-

estimation. Neither do they appear to be sensitive to small changes in structure.

C T T T T T I T
B Unrelaxed L

|4 Relaxed
= Empirical

exp

Figure 9: DFT-estimated dielectric constants for un-relaxed and relaxed crystal structures
compared with measured values at a frequency of 10.159 GHz. For polyethylene, the
experimental value is compared with measurements on cast paraffin wax. The DFT model
for PTFE required relaxation, as there is no experimental structure for a commensurate
structure in the Pnma space group.

Figure 9 displays the experimentally measured (at a frequency of 10.159 GHz) dielec-
tric constants for PTE, paraffin, AI(HCOO)3, and AIPO,4, compared with the empirical value
and with DFT calculations on the experimental (unrelaxed) and DFT-relaxed crystal struc-
tures. The calculated and empirical values for polyethylene are compared with measure-
ments on chemically similar paraffin. These measurements provide additional validation

of the experimental methods employed here since the measured values for paraffin and
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PTFE correspond closely to values in the literature.*° Furthermore, the predicted di-
electric constants for the polymers and the relaxed structure of AI(HCOO)3; show similar
levels variation when compared to experimental data. This suggests that there is some-
thing unique about the structure of AI(HCOO); determined by neutron diffraction which
makes its calculated dielectric constant especially sensitive to structural changes, perhaps

associated with finite temperature effects that are beyond the scope of this work.

Conclusion

In this work we have identified the key characteristics of low-~x materials and suggest an
effective workflow for searching for these compounds. Additionally, we highlight both the
advantages and drawbacks of empirical and DFT estimates of the dielectric constant. Our
results demonstrate that empirical methods are useful for sorting through large databases
of candidate low-x materials, while DFT calculations are better-suited for determining
which materials to prioritize. Although it remains challenging to identify materials with di-
electric constants lower than that of silica (x < 3.82 at 10 GHz), we have found that certain
aluminum-based materials are close to achieving these low values. We believe that this is
due to the high charge on aluminum and its ability to form open, 3D-connected, networks.
In the case of AIPO,, the predicted dielectric constant from DFT calculations was nearly
identical to the constant determined from measurements. In contrast, for AI(HCOO)s,
there was a significant discrepancy between the constant predicted from the experimental
crystal structure and experiment. This is because even minor changes in the crystal struc-
ture seem to contribute to a significantly higher dielectric constant, which is highlighted
by calculating the dielectric constant of a DFT-relaxed structure. The origins of the unique
sensitivity of the dielectric constant of AI(HCOO); on minute details of the crystal struc-
ture could potentially arise from finite-temperature effects that are beyond the scope of

the present work.
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Supporting Information

FTIR spectra of AI(HCOO); before and after heat treatment (Figure S1), dielectric mea-
surements of PTFE composite pellets (Figure S2), loss values for measurements of ma-
terials in paraffin wax (Table S1), and Python code to calculate the empirical dielectric

constant from an input CIF file.
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Section S1. FTIR of AI(HCOO),
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Figure S1. FTIR spectra of AI(HCOO); before and after heat treatment at 180 °C.



Section S2. Dielectric measurements of PTFE pellets
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Figure S2. Dielectric measurements of AI(HCOO); and AIPO, mixtures with PTFE and associated
curves generated from the Looyenga mixing model.



Section S3. Dielectric loss values associated with the measurements of materials in waxes.

SiO,
Volume fraction Average loss
0 412 x10*
0.185 5.50 X 10 *
0.254 6.53 x 10 *
0.338 718 x 10°*
0.443 7.03%x10 *
0.577 7.84 x10™*
AI(HCOO),

Volume fraction Average loss
0.209 3.48 x 107
0.202 7.29 X 10
0.382 1.00 X 10>

AIPO,

Volume fraction Average loss
0.144 111 X 107
0.208 118 x 107
0.371 1.67 x 10>

Table S1. Average dielectric loss values associated with the measurements of materials in waxes.



Section S4. Example Python code which can be used to estimate the dielectric constant from a
given CIF obtained from the ICSD

import pandas as pd
import numpy as np
import re

import math

polarizabilities = {"Li" : 1.20, "Be" : 0.19, "B" : 0.05, "O" : 2.01, "F" : 1.62, "Na" : 1.80, "Mg" : 1.32, "Al" :
0.79, "Si" : 0.87, "P" :1.22, "K" : 3.83, "Co" : 1.65, "Ni" : 1.23, "Cu" : 2.11, "Zn" : 2.04, "Ga" : 1.50, "Ge" :
1.63, "As" : 1.72}

lines = []
with open('cif_name_here','rt") as cif:

for line in cif:

lines.append(line.rstrip('\n'))

formulaline = [match for match in lines if "_chemical_formula_sum" in match]
volumeline = [match for match in lines if "_cell_volume" in match]
unitsline = [match for match in lines if "_cell_formula_units_Z" in match]
cellvolume = re.findall('"\d*\.?\d+', volumeline[o])
cellvolume = float(cellvolume[o])
formulaunits = re.findall('"\d*\.?\d+, unitsline[o])
formulaunits = int(formulaunits[o])
formulavolume = cellvolume/formulaunits
elements = re.findall('[A-Z][a-z]?',formulaline[o])
elementnum = re.findall('\d*\.?\d+',formulaline[o])
elementinfo = [elements,elementnum]
calcalpha = pd.DataFrame(elementinfo).transpose()
calcalpha.columns = ['element’, number']
calcalpha = calcalpha.replace({'element': polarizabilities})
calcalpha = calcalpha.astype(float)
calcalpha['alphas'] = calcalpha['element'] * calcalpha['number']

totalalpha = calcalphal'alphas'].sum()

N¢)



constant = (formulavolume+2*totalalpha*(4*math.pi/3))/(formulavolume-
totalalpha*(4*math.pi/3))

print(constant)





