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HIGHLIGHTS

® Series of coordination complex polyesters containing Zn and Cd metals are synthesized and characterized.

® Density Functional Theory is implemented for their electronic, spectroscopic and dielectric property evaluation.

® Dielectric constant is controlled by the metal identity/concentration, coordination environment and methylene spacer.
® Band gaps exceed that of their oxides and high to moderate dielectric constants are found with low dielectric loss.

® Strong correlation between the calculation and experimentation validates the goal of Materials Genome Initiative.
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Advances in materials can be achieved once we understand their property well. In this study, a series of zinc and
cadmium aliphatic polyesters with varying numbers of methylene spacer(s), 1 to 8, are synthesized and char-
acterized to understand their features, which control their dielectric properties. The rational co-design of these
materials is adopted by Density Functional Theory (DFT) computations of local structural features, and physical
properties as dielectric constant and band gap energies. Synthesized polyesters of zinc and cadmium exhibit high
band gap energies, > 5 eV, with the dielectric constant from ca. 4.69-3.61 and ca. 6.61-4.01, respectively; with

metal volume fractions ca. 3-12% experimentally, which supports the DFT computations strongly to behave as a
good dielectric material. These initial studies give insight into the potential advantages and expansion of the
chemical design space for developing new dielectrics and provide valuable validation and feedback to enrich

Material Genome Initiative.

1. Introduction

The vastness of the polymer chemical universe makes it impractical
to synthesize and test a significant number of candidates, whereas the
modeling of several thousands may be possible using state-of-the-art
computational resources and accurate computational techniques based
on quantum mechanics. Indeed, approaches that involve accessing new
chemical spaces through experiments guided by computations—re-
ferred to as rational co-design (Fig. 1) —are increasingly being employed
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today, in order to reduce experimental cost and accelerate the material's
design process [1]. This design philosophy is in the spirit of the Mate-
rials Genome Initiative [2], which was announced by the United States
government, “to discover, manufacture and deploy advanced materials
twice as fast, at a fraction of the cost”. As a result of this initiative, the
last few years have seen several glittering examples of successful ma-
terials discovery that would be unlikely via standalone experiments,
none more so than the design of novel polymeric dielectric materials
[1,3-5].
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Fig. 1. (Top Left) (A) The primary steps involved in the rational co-design process. (Top Right) (B) Dataset of total dielectric constant as a function of band gap
energy for over 1000 organic and metal containing organic polymers generated by DFT as a guidance for synthetic efforts. Reproduced with permission from Ref. [1],
Copyright (2016) John Wiley & Sons, Inc. (Bottom) (C) Fingerprint-property correlation showing the dependence of dielectric constant on metal identity, metal
volume fraction, and coordination number. Circle sizes correlate with the metal volume fraction (which ranges from 2% to 20%) whereas different colors correspond
to different metal coordination numbers (which vary from 4 to 8). Reprinted (adapted) with permission from Ref. [6]. Copyright (2017) American Chemical Society.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Dielectric materials have the capability to polarize their atoms from
an equilibrium position, under an applied electrical field, making them
useful in applications such as capacitors, transistors, transformers,
photovoltaics and photonics [7,8]. The use of inorganic ceramics as
dielectric materials is a common practice due to their high dielectric
constants, many in the thousands, which have been widely used in
common electronic equipment, such as multilayer ceramic capacitors
(MLCC) for the last few decades [9]. Various low temperature cofired
ceramics (LTCC) have been developed with dielectric constants (g) of
4-9 for use in three dimensional wiring circuit boards [10]. Recently,
novel LTCCs with low dissipation have been developed; however, they
exhibit lower dielectric constants as compared to common ceramic
materials, which generally have high dielectric constants, suffer from
high loss, and non-graceful failure modes [10,11].

Organic polyimides, polythioureas, polyurethanes and polyureas
have also been recently studied for dielectric applications. They have
their own advantages, such as easy processing and low dielectric loss, as
well as disadvantages such as moderate to low dielectric constants with
thermal limitations [12-14].

Apart from inorganic and organic polymers, numerous works have
been carried out to develop dielectric materials with composite mate-
rials to enhance the dielectric constant [15-20]. Zinc oxide (ZnO)
containing polyvinylidene fluoride (PVDF) nanocomposites are found
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to have increased permittivity (¢ = 7.5 to 15.5), with increasing
amounts of ZnO content (1-6%), and decreased loss (tan = 0.75 to
0.002), with decreases in frequency (0.12kHz-100kHz) due to or-
ientational polarization [21]. These composites also increase their
permittivity with increases in temperature (300-500 K) due to ion dif-
fusion [21]. Other ZnO/polymer composite systems exhibit similar re-
sults to the PVDF composites, such as ZnO/Polyaryletherketone (PAEK)
[22], ZnO/polyurethane [23] and nanosized ZnO/LDPE [24].

Pure zinc oxide (ZnO) crystals have a dielectric constant ca. 8.5 at
100 kHz [25] and a band gap of 3.37 eV [26]. Cadmium oxide (CdO) is
a well-known n-type semiconductor metal oxide with a large refractive
index (n, = 2.49) [27] corresponding to an electronic dielectric con-
stant of 6.2 using a result of the Maxwell equation, equation (1), and an
optical band gap of 2.28 eV [28].

No = {/€elec

Despite having high dielectric constants for metal oxides, CdO and
ZnO have low band gap energies, which limit their application in high
band gap materials. Moreover, inorganic aggregation is a common
phenomenon, which makes them difficult to use as dielectrics due to
their high dielectric loss under applied electric field and non-graceful
aging mode [29]. Generally, it is a challenge to have high dielectric
constant and low dielectric loss, while maintaining high band gap

@



S. Nasreen et al.

energy, simultaneously.

Using high-throughput computational screening, followed by tar-
geted synthesis and further in-depth computations, unexplored polymer
classes (for eg., Sn-polyesters) were discovered as possible candidates
for dielectric materials; this was recently reviewed [1]. As a part of this
work, we generated a computational dataset of more than one thousand
polymers and related materials, which is shown in the form of a plot
between band gap and dielectric constant in Fig. 1 (B). It is evident that
the metal containing polymers display much higher dielectric constant
values for a given large band gap, as compared with pure organics.
Therefore, recent computational studies have shown that by in-
corporating metal atoms into the polymer backbone through co-
ordination bonds, dispersion difficulties of the aggregated nanoparticles
in inorganic nanocomposite systems have been eliminated [30,31]. The
rationale behind considering metal-oxygen bond in the polymer back-
bone is due to their dipolar and ionic contributions to dielectric prop-
erties, which occurs by increasing the difference in electronegativity
between the metal-oxygen bonds. An initial exploration of organome-
tallic polymers and compounds with group 14 elements, such as Si, Ge,
Sn and Pb were examined using high-throughput density functional
theory (DFT) calculations (the term high-throughput implying the use
of a large number of computational resources on a large number of
materials over an extended period of time) [1,5,6,32]. These calcula-
tions showed that an ester linkage to a tin atom was a favorable way to
bind the metal into the polymer backbone, as it provides an increased
atomic polarization, as well as increased dipole interactions. Various
Sn-polyester systems were synthesized, studied and found to be pro-
mising materials with high dielectric constants (¢ = 5.3-6.6), low losses
(=2%), high band gap energies (E; = 4) and elevated operational
temperatures (=250 °C), while correlating well with computational
predictions [1,30]. The effect of structural morphology on electrical
properties was controlled by blending and copolymerizing the Sn-
polyesters [33]. Later, other metals have been investigated, and a large
class of computational dataset have been developed, shown in the 4D
plot in Fig. 1 (C), where dielectric constant is shown as a function of
metal identity, metal concentration and coordination environment
around the central metal atom [6]. This fingerprint— property corre-
lation shows the importance of the metal concentration, metal co-
ordination environment, and identity of its surrounding atoms in de-
termining the dielectric constant. Different color distinguishes between
coordination numbers and the size of the circle is proportional to the
metal concentration. The later represents the metal volume fraction to
the total crystalline volume of the polymer, as estimated from its
computationally obtained crystal structure, ranged from the lower limit
of ~2% to a high of ~20%. The circle size does not uniformly raise
with an increase in dielectric constant, and at the same time the highest
dielectric constant found for the system with 6-fold metal-oxygen co-
ordination. It was also observed that certain polymers containing Zn,
and Cd display dielectric constant > 5, even with low metal volume
fractions of 2-10%. This important insight implies that it is possible to
achieve increased dielectric constants of metal containing polymers
without high concentration of metal content. Fig. 1C can serve as a
valuable chart for the optimal window of metal atom, coordination
number and metal content needed in a polymer backbone for a desired
dielectric constant. It is to be noted that for each of these polymer re-
peat units, the structure prediction algorithm yielded several competing
low energy structures, leading to a whole range of computed dielectric
constants [6].

Therefore, in this study, the tin (Sn) system was replaced with the
more electro-positive transition metals; zinc, a 3d block transition metal
(Zn, [Ar]4s?3d'?), and cadmium, a 4d block transition metal (Cd, [Kr]
5s24d'%) with modified synthetic scheme. The goal of this study was
multi-fold. Firstly, to explore the chemical space from the Periodic
Table for feasible dielectric synthesis, so that we can understand their
structure-property relationship from a broader perspective. It will help
advance the material development, which is more prone to academic in
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reason. Secondly, to narrow down the reasoning, it will be beneficial if
we can synthesize new dielectrics, which can approach the dielectric
constants of their corresponding metal oxides, without the downfalls of
aggregation and high dielectric loss, while increasing their band gaps
through the incorporation of a non-polar aliphatic spacers in the
backbone. Also, to understand the mechanism of ionic, electronic and
total dielectric constant contribution, along with the effect of metal
identity, their concentration and coordination environment using high
throughput DFT screening was done. Lastly, having late transition
metals like Zn is cost effective, compared to the traditional synthetic
organic polymers, which requires additional processing costs. However,
Cd is slightly expensive; though the reason of using Cd is to have a
comparative picture with the Zn counterpart.

2. Experimental section
2.1. Calculation methodology

Density functional theory (DFT) [34] as implemented in the Vienna
ab initio simulation package (VASP) [35] is the computational metho-
dology used here. The total energies of the different structural models
considered for the Zn— and Cd-systems were obtained using the gen-
eralized gradient approximation (GGA) functional associated with vdW-
DF2 [36], i.e., refitted Perdew-Wang 86 (rPW86) [37]. The inclusion of
the DF2 vdW correction [38] is necessary to explicitly take the weak
interactions between adjoining polyester chains into account. For
carbon, oxygen, hydrogen, zinc and cadmium, the following valence
states were used respectively: 2s22p?, 2s%2p*, 1s’, 3d'%4s® and 4d'°5s%.
Monkhorst — Pack k-point meshes [39] with a spacing of 0.25 A~ ! were
used for integrations over the Brillouin zones of the models. The plane
wave kinetic energy cutoff was chosen to be 400 eV, and the atoms and
unit cell parameters were simultaneously relaxed until the residual
forces were smaller than 0.01eVA ™.

2.2. Materials and synthesis

CdCl,.2.5H50 (99%) and ZnCl, (98%) were procured from Acros
Organic. Triethylamine (99%) was purchased from Fisher Scientific.
Malonic acid (99%), Succinic acid (99%), Glutaric acid (99%), Adipic
Acid (99%), Pimelic acid (98%), Suberic acid (99%), Azelaic acid
(98%), Sebacic acid (98%), Trifluoroacetic acid (99.5%) and 1,2-
Dichloroethane 99.8 4+ % were procured from Acros Organic. Deionized
water was collected from the Millipore purification system. Acetic acid-
d4 (99.5%) was purchased from Cambridge Isotope laboratories, Inc.
All commercially available chemicals and solvents were of reagent
grade and were used as received without further purification. Quartz
glass slides (3” x1” x 1 mm) were procured from Ted Pella, Inc.

Several synthetic routes have been proposed in the literature for
various Zn(I)- and Cd(II)-systems coordinated into the metal organic
polymeric framework [27,40-47]. Here, a series of Zn(II) and Cd(II)
aliphatic coordination complex polyesters were synthesized using a
two-phase interfacial reaction as shown in Scheme 1A. Two sets of re-
actions were designed, one for zinc polymers and the other with zinc
replaced by cadmium. Diacids ranging from 1 to 8 —CH,— spacers were
taken in stoichiometric ratios in 1,2-dichloroethane (1,2-DCE) and then
deprotonated with triethylamine. For the synthesis of poly (zinc mal-
onate) Z1 1.4056 g (10.31 mmol) of ZnCl, was dissolved in 18 mL of
deionized water (DI) in a round bottomed flask. To a second flask,
1.1105g (10.67 mmol) of malonic acid (C3H404) and 2.2124g
(21.86 mmol) of trimethylamine (TEA) were added in 20 mL 1,2-di-
chloroethane (1,2-DCE) and stirred until dissolution. The aqueous
phase was then added slowly to the organic phase and allowed to react
until precipitation occurred under ambient conditions. The precipitate
was then filtered and washed with 100 mL of a 1:1 mixture of water and
1,2-DCE and dried in vacuo (30 in. Hg) at 80 °C for 24 h. Yield: 0.890 g,
53%. 'H NMR (400 MHz, acetic acid-d4, 8): 3.53 (d, J = 6.1Hz, 2H).
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Scheme 1. (A) General reaction scheme for the Zn— and Cd-systems with dif-
ferent di-acids. (B) Possible modes of interaction between carboxylate group
(COO7) and metal, M; ionic or uncoordinated form (left), unidentate co-
ordination (Mode 1), bidentate bridging coordination (Mode 2) and bidentate
chelating coordination (Mode 3).

FTIR (ATR): v = 1525 (vs; v4(C=0)), 1443 (vs), 1389 (vs), 1311 (m),
1247 (s), 1203 (w), 970 (w), 957 (s), 901 (m), 804 (s), 709 (vs), 590
(m), 549 (w), 431 cm ™! (w); M, (*H NMR): 4.8 x 10* gmol .

Similarly, Z2-Z8 and C1—C8 are synthesized and reported in sup-
porting information. Polymer systems were named as Z1 to Z8 for Zn
(ID-coordination polyester(s) and C1 to C8 for Cd(I)-coordination
polyesters(s), respectively; where the digit indicates the number of
methylene spacers in the various diacids.

2.3. General characterization

Fourier Transform Infrared (FTIR) spectra were collected on powder
samples using a Nicolet Magna 560 FTIR spectrometer with a Specac
Quest Diamond Attenuated Total Reflectance (ATR) accessory (resolu-
tion 0.35cm™') with 32 scans and are reported in wavenumbers
(em™1) from 400 to 4000cm™! (see supporting information).
Thermogravimetric Analysis (TGA) was performed using a TA in-
strument's TGA Q500 with a heating rate of 10 °C per minute from 25 °C
to 600 °C under nitrogen atmosphere. Differential Scanning Calorimetry
(DSC) was performed on a TA instrument's DSC Q20 with a first heating
cycle rate of 30 °C per minute, a cooling cycle of 30 °C min~* followed
by a second heating cycle of 10 °C per minute. X-ray Diffraction (XRD)
patterns were collected on a Bruker D2 Phaser with Cu-K,
(A = 1.54184 A) source beam with an accelerating voltage of 30kV,
and cathode current of 10 mA. The data were collected in the range of 5
to 70° 26 values with a step size of 0.02°. Solution 1H NMR (400 MHz
and 300 MHz) was performed using a Bruker AVANCE III 400 and
AVANCE 300 high resolution digital NMR spectrometer with acetic
acid-d4. Chemical shifts are reported in parts per million (ppm, &)
versus the chemical shift of the residual acetic acid peak being labeled
at 2.04 ppm. Splitting patterns are reported as singlet (s), doublet (d),
triplet (t), multiplet (m), etc. Density measurements were conducted by
pressing a 1-inch diameter pellet using a Carver Laboratory Press with a
pressure of 15,000 pound-force per square inch (1 x 10°kPa) via a
hydraulic press at room temperature, and measuring the thickness and
mass, and calculating the volume, V, of the pellet and using the equa-
tion V = sr?h, where xt = 3.142, r = radius of the pellet. The sample
thickness was determined using a thickness gauge (Model LE1000-2,
Measure It All) as the average of five samples. Density was then cal-
culated from the measured volume and mass taken of the polymer
sample. Metal volume percentage was determined by relating the
density of the pellet with the metal weight fraction, as determined by
'H NMR and compared to a theoretical metal volume percentage cal-
culated by the covalent volumes inside the unit cell by DFT.

2.4. Electrical characterization
All pellets that were made were dried in a vacuum oven for 2h

before taking the final electrical measurements. Frequency-dependent
capacitance and dissipation factors (tan ) were measured using an
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Agilent 4284A Precision LCR meter sweeping from 20 Hz to 1 MHz of a
pressed pellet sandwiched in between two silicone electrodes, and the
effect of water on electrical properties was monitored in different
temperatures in the same LCR meter connected with an insulated oven
purged with nitrogen. Conductivity is estimated by using the equation
tan § = o/2nfee,; where o stands for the conductivity, f is the corre-
sponding frequency in Hz, € is the measured dielectric constant and €, is
the vacuum permittivity (~8.85 x 107'2F/m). A Cary 5000
UV-Vis-NIR was used to measure polymer band gaps. 3 wt/wt.% so-
lution of polymers with TFA were casted onto a quartz glass slide (Ted
Pella, Inc., 3” X 1”7 X 1 mm) and dried in vacuo at 115°C to remove
residual solvent. The UV-Vis spectrum was recorded from 750 to
190nm and the onset wavelengths of absorption, Aonser, Were de-
termined to calculate band gap energies in eV using Planck's equation
(see supporting information).

3. Results and discussion
3.1. General characteristics

All of the synthesized polymers were white in color and did not
show any degradation in ambient conditions. It was found that both the
reactivity and yields were higher with the transition 3d'° metal Zn(II)
than with the 4d'® metal Cd(II), as shown in Fig. S1. Polymers exhibited
solubility in both acetic acid and trifluoroacetic acid. When dissolved in
acetic acid, there was no evidence of chain end degradation, indicating
that the polymers were stable in the acidic solution. Samples were
prepared for 'H NMR with acetic acid-d4 as the solvent. Number
average molecular weights, M,,, were calculated from the 'H NMR. The
molecular weights ranged from ca. 4.4-8.7 x 10*gmol ™! for Zn(Il)-
polyesters and ca. 5.2-8.8 x 10* gmol ! for Cd(II)-polyesters. 'H NMR
spectra shown for Z3 and C4 in Fig. S12 and Fig. S13.

3.2. DFT features and structural confirmation

In order to perform DFT computations on these polymers, it was
necessary to determine the ground state crystal structures for each. The
Minima Hopping algorithm [48,49] was used to explore low energy
regions of configurational space in the Zn(I)- and Cd(II)-systems; un-
known structural motifs could be readily obtained by starting from any
initial structure, as this method employs zero constraints on atomic
positions or cell shapes. Structural motifs were predicted for each of the
Zn(ID)- and Cd(ID)-systems, from 1 —CH,— to 8 —CH,— spacers, of which
8 to 10 low energy structures were selected for each. In general, it was
observed from the obtained structures that the Zn/Cd atoms exist in
either a 4-fold or a 6-fold coordination environment. The metal atoms
link together —COO— groups of different chains to either form two-
dimensional or three-dimensional networks; three unique kinds of
motifs thus seen across the different Zn— and Cd-systems (referred to as
motifs a,  and y) are shown in Fig. 2.

Once the most stable structures were predicted for any given com-
position of the Zn(II)- or Cd(II)-coordination polyesters, the dielectric
constants were calculated for each of them within the Density
Functional Perturbation Theory (DFPT) [50] formalism as implemented
in Vienna ab-initio Software Package (VASP). Dielectric tensors corre-
sponding to the electronic and ionic contributions to the dielectric
constant were obtained from the DFPT computation. The reported
(electronic and ionic) dielectric constant values were the traces of these
tensors, while the total dielectric constant values were obtained as the
sum of the two components. The dielectric constant was seen to depend
on the structural motif, and the final values reported for each system
was an average of the overall low energy structures. Furthermore, the
FTIR spectra for the structures were also computed for a direct com-
parison with the experimentally obtained spectra (see supporting in-
formation). For any given structural motif, FTIR intensities for different
frequency modes were calculated utilizing the DFT computations, given
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®C

H
®0
® Zn/Cd

Fig. 2. Fraction of the three kinds of polymer motifs are shown for the Zn— and Cd-systems, illustrating the double chain configuration and coordination geometry.
Motif a shows a 2D motif for a 4-fold coordination, Motif B shows a 3D motif with a 4-fold coordination, and Motif y shows a 3D motif with a 6-fold coordination of

metal.

as a function of Born effective charge tensors and phonon mode ei-
genvectors for all the atoms in system [51].

In the experimental FTIR spectra, Figs. S2-S5 for Z1-Z8 and C1—C8,
the expected strong absorption bands were observed for C—O, and in all
cases, were found to be in the range of 1525-1560 cm ™', while sym-
metric bridging and non-bridging occurred at 1410-1453cm ™! and
1322-1398 cm ™!, respectively [52]. Uncoordinated carboxylic acid
(C—O) typically shows peaks around 1725-1700 cm ™, and was not
found in any spectra, confirming that nearly all carboxylic acids were
coordinated to metals. The sharp peaks at the region 454-411 cm™?!
were attributed to the Zn—O bond [53], while the peaks at 584-
517 cm ™~ ! were associated with the Cd—O bond [54]. These absorption
bands were well anticipated in the computed IR; however, slight
shifting of these peaks were observed in experimentation, since these
structures had been considered as their perfectly crystalline form in
zero Kelvin. In Scheme 1B, four different kinds of interactions are
shown for metal to oxygen bonding. A general trend for symmetric and
asymmetric band separation values can be summarized as: un-
coordinated acid > unidentate coordination > bi-dentate (brid-
ging > chelating) coordination [55]. The FTIR spectral analysis
showed (Table S1) the presence of a bidentate bridging or -inter chain
motif (Mode 3) and a chelation (Mode 2) or -intra chain motif mode of
interaction between the metal carboxylate groups for all of the Zn(II)-
and Cd(II)-coordination polymers [56,57]. An increase in the intensity
of the C—H stretching band was found in the region of 2850-2950 cm ~*
as the number of —CH,— spacers increased from Z1 to Z8 and C1 to C8
due to the sp® hybridized methylene unit(s) (see supporting informa-
tion). With the incorporation of more —CH,— spacers, a three-dimen-
sional network was possible due to the flexibility of the aliphatic chain
within the coordination environment. This network was also found in
the DFT modeling as 4-fold and 6-fold coordination within the possible
2D (a motif) or 3D (B and/or, Y motifs) complex network
[30,56,58,59]. Zn(I)-polyesters favored an orientation of 4-fold co-
ordination, whereas, Cd(Il)-polyesters showed a preference to a 6-fold
coordination environment. The larger size of the metal center of 4d-
block Cd(II), compared to that of 3d-block Zn(II), enables it to bind to
this additional ligand in a 6-fold coordination environment [60].

3.3. Dielectric spectroscopy

A comparison of the experimental dielectric properties of these
sixteen polymeric systems to their theoretical calculations was done by
testing the polymers as pressed pellets at ambient conditions of 25 °C in
air. Pellets were dried in vacuo (30 in. Hg) at 100 °C overnight to ensure
desorption of any water molecules. All measurements were done im-
mediately after drying. To determine their dielectric constants (¢) and
dissipation factors (tan §), frequency domain spectroscopy from 20 to
1M Hz was carried out, as shown in Fig. 3A and C for the Zn(II)-
polyesters and Fig. 3B and D for the Cd(II)-polyesters. For dielectric
spectroscopy measurements, pressed pellets were sandwiched between
two conductive silicone electrodes and compressed to ensure no air was
present between the electrodes and the pellet. The dielectric constant
was calculated from the measured capacitance by equation (2), where

e=Cd/e, A (2)
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¢ is the relative dielectric constant of the capacitor, C is the capa-
citance (Farads), d is the thickness of the sample (m), ¢, is the per-
mittivity of free space (8.854 X 10~ '?F/m) and A is the capacitor
electrode surface area (m?). The ZnO (Sigma Aldrich, ACS, 99%) and
CdO (Sigma Aldrich, trace metal, 99.5%) were collected, and their
pressed pellets were tested for dielectric spectroscopy. They were then
compared with the dielectric properties of synthesized polymers. Of the
eight Zn(II)-polyesters systems, the highest dielectric constant at 1 kHz
was found for Z1 with ca. 4.69, with loss ca. 2%, and the lowest di-
electric constant was found for Z8 ca. 3.61, with loss ca. 4%. The re-
maining zinc systems, Z2-Z7, exhibited dielectric constants that lied
between the values found for Z1 and Z8. Dielectric constant from ZnO
pellets was found as ca. 8.61 with a high loss ca. 25%. The calculated
dielectric constant values for the polymers shown in Table 1 and
Table 2 were from the best-fit FTIR plots, and the lowest energy
structures were predicted to have slightly higher values than observed
in the experimental results. It was observed that the dielectric constants
for Zn(I)-polyesters exhibited a plateau during the early frequencies at
100 Hz, and there was no significant decrease on their values on higher
frequencies. Similarly, dissipation factors (tand) were low
(=0.005-0.042), with low frequency dispersion for Zn(II)-polyesters,
unlike the high dissipation factors and high frequency dispersion for
ZnO. Similar trends also observed in the Cd(II)-polyesters, with overall
higher dielectric constants. C1 showed the highest dielectric constant
ca. 6.61 at 1 kHz and was in close agreement with the calculated value,
which was found to be ca. 6.90. These values for C1 showed close re-
semblance with corresponding CdO, with a measured value found as ca.
6.95 at 1 kHz. It is to be noted that C1 showed much improvement in its
dissipation factor with relatively lower loss as ca. 4%, compared with
CdO as ca. 27% at 1 kHz. The lowest dielectric constant of the Cd(II)-
polyesters was found for C8, ca. 3.97, with low loss, 0.5%, at 1 kHz.
However, the rest of the cadmium polymers, C2 to C7, exhibited in-
termediate electrical properties with respect to C1 and C8. On the other
hand, dielectric constants gradually decreased as a function of in-
creasing applied frequency, and reached a plateau at 10 kHz for C1—-C4
polymers and also low frequency dispersion was observed for C5—C8
polymers.

Dissipation factors decrease with increasing frequencies, which is
typical for most dielectric material due to the polarization and con-
duction loss [61]. Initial high loss can be attributed to the mobile
charges within the polymers [61], which was much lower than the
corresponding CdO. Similarly, most of the calculated values in the re-
maining systems matched the experimental findings quite well, as
found in Table 2. The log-log plot in Fig. 3(E) and (F) show the esti-
mation of the conductivity based on the dielectric loss factors, as de-
termined by TDDS. In the frequency range tested, there is no clear in-
dication for the onset of DC conduction loss. The upper bound of the
conductivity for both materials was found to be ~10"'* Sm™'. As we
have not observed the DC conduction plateau (towards 0 Hz), the true
DC conduction could be lower.

It is also evident that the dielectric constant contribution is depen-
dent on the polarization of the highly electropositive metal and elec-
tronegative oxygen bond, hence the overall dielectric constant de-
creases as more non-polar —CH,— spacers enter the polymer backbone,
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Table 1

Measured dielectric constants (e.yp), calculated total dielectric constants (gcaic),
measured dissipation factors (tan &), measured band gap energies (BGexp), and
calculated band gap energies (BGc,), calculated metal volume fraction
(MVqe) and measured metal volume fraction (MVeyp.) and calculated co-
ordination numbers (CN_,) for Z1-Z8 polymers.

Table 2

Measured dielectric constants (e.yp), calculated total dielectric constants (gcaic),
measured dissipation factors (tan §), measured band gap energies (BGexp), and
calculated band gap energies (BGcac), calculated metal volume fraction
(MVqie) and measured metal volume fraction (MVeyp.) and calculated co-
ordination numbers (CNy. ) for C1—C8 polymers.

Zn(Il) polymer(s) Z1 z2 Z3 Z4 Z5 76 77 Z8 Cd(D) polymer(s) C1 C2 c3 C4 Cc5 C6 c7 c8
eexpat 1kHz (r.t.) 4.69 459 428 456 3.93 4.01 414 361 €xpat 1kHz (r.t) 6.61 613 543 522 447 450 419 4.01
Ecalc 5.05 4.94 4.70 5.55 4.16 4.28 4.02 4.85 Ecale 6.90 6.51 5.73 5.42 5.88 5.07 4.90 4.29
tan Seyp at 1kHz ~ 0.023 0.014 0.027 0.021 0.005 0.010 0.013 0.042 tan Seyp at 1kHz ~ 0.041 0.155 0.171 0.145 0.006 0.012 0.002 0.016
(r.t.) (r.t)
BGexp (€V) 567 547 549 551 542 521 553 557 BGexp (eV) 549 555 541 550 552 581 547 554
BGealc (eV) 6.38 6.89 636 631 653 619 641 6.35 BGealc (eV) 529 531 553 591 588 575 525 554
MVare (%) 9.51 823 7.05 6.16 550 4.62 442 424 MVare (%) 138 11.8 100 853 7.72 7.01 634 574
MVeyp, (%) 884 757 6.01 698 528 417 4.01 3.29 MVexp, (%) 119 120 937 829 612 7.39 632 5.69
CNealc. 4 4 4 4 4 4 4 6 CNealc. 4 6 6 6 6 6 6 6

causing a decrease in metal concentration within the unit cell. DFT
generated electronic, ionic and total dielectric constant contribution of
these metal containing polymeric system are shown in Fig. 4. It is found
that the electronic dielectric constant contributions of these system are
independent of the aliphatic chain length and the metal concentration
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in the system. The ionic dielectric constant contribution of these metal
systems is responsible for the trend in total calculated dielectric con-
stants. Both the ionic and total dielectric constant trends followed the
experimental values closely for each of the systems. So, it can be argued
that the ionic nature of the metal-oxygen bond is responsible for
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polymer repeat unit for Zn(II)- and Cd(II)-polyesters.

controlling the ionic part of the dielectric constant. When the number of
aliphatic non-ionic CH, spacers are increasing within the unit cell, this
affects the ionic polarization under applied electric field and hence,
overall dielectric constant decreases.

This can be further explained by Fig. 5; where, this tendency can be
correlated with both the calculated and experimented dielectric con-
stants, and the calculated and experimented volume fraction that me-
tals occupy within individual systems. An increase in the experimental
metal volume fraction from 3.29 to 8.84% (DFT 4.24-9.51%) for Zn(II)-
polyesters and 5.69-12.01% (DFT 5.74-13.80%) for Cd(II)-polyesters
improves the dielectric constant when we decrease the repeat unit
chain length by aliphatic spacers. It would be expected, as it can in-
crease the ionic portion of the dielectric constant, hence increased ionic
polarization. It is to be noted that Zn(II)-polyesters mostly adopted the
4-fold coordination environment by having metal-oxygen linkage, on
the other hand, Cd(II)-polyesters mostly adopted 6-fold coordination,
which is also summarized in Tables 1 and 2.

Overall both systems exhibited a trend where the systems con-
taining an even number of methylene spacers were more likely to show
a slightly higher dielectric constant than its adjacent odd spacers. This
trend matched well with the slightly higher calculated total dielectric
constants observed for all systems. The slight disparity between the
calculated and experimental dielectric constant values may be because
the calculated values were found for a specific lowest energy structural
representation of the individual system; whereas, the experimental
system may have a mixture of all the possible structures in the poly-
meric chain. Moreover, for 7 and 8 methylene spacers there is a high
chance of chain entanglement and ring formation which might cause
the slightly higher deviation from the calculated dielectric constant
value, since calculated values are generated considering the linear

arrangement of the chains. Possible ring formation and chain en-
tanglement due to the higher number of methylene spacers could ad-
versely affect the molecular weight, structure and morphology of the
polymer. As such, there can be an adverse effect to the dielectric
properties due to the reduction in the overall polarizability, which
depends on chain flexibility and orientation. Zn(II) being smaller than
Cd(II) would have more propensity to ring closure. Further deviation in
calculated vs. experimental results can be derived from the lower
crystallinity in the prepared polymers vs. the polymers being calculated
from a high crystalline structure.

3.4. Band gap and morphology

The band gap, or energy gap between the valence band and con-
duction band, can be considered a good indicator for a material to be an
effective dielectric medium. The higher the gap, the more energy is
required to promote the electrons from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO) to
behave as a conductor. Material containing a band gap of > 3eV is
generally considered as suitable dielectric [62].

For these synthesized polymers, band gaps and crystal structures
were also predicted in greater detail and with more accuracy using
computations. The respective ground-state stable 3D structural ar-
rangements of the polymers were determined, in which the bandgap
was estimated using the Heyd-Scuseria-Ernzerhof (HSE) electronic
exchange-correlation functional for purely crystalline representation,
which offers more reliable results at sufficiently higher computational
cost. While the calculated dielectric constants were found to range from
4 to 6, the bandgaps were seen to be greater than 5eV for all metal
systems. DFT-predicted ground-state structures are expected to be
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Fig. 5. Plots generated from the total dielectric constant by DFT and experimental average dielectric constant over the frequency range of 20-1 MHz as a function of
DFT and experimental metal volume fraction (MVF) in percent for (A) Zn(II)- and (B) Cd(II)-polyesters, respectively.
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Fig. 6. Band gap energy of Z3 and C3 polymers from the onset of interband optical absorption from UV-Visible spectrum.

stable at room temperatures, as well, and thus, the computed values are
expected to stand at higher temperatures as well with slight differences.

At higher field, electrons from the HOMO transfer to the LUMO,
hence producing an impact ionization to behave as a conductor; which
can be measured through the onset of interband optical absorption or
excitation from the UV-vis spectrum [63,64]. Therefore, experimental
optical band gap measurements were taken by scanning the UV-visible
spectrum from 750 to 190 nm and measuring the wavelength at onset of
interband optical absorption shown in Fig. 6 for Z3 and C3 polymers
and rest of them are shown in Fig. S6.1 and Fig. S6.2. The energy band
gap (Ey) is calculated from Planck's relation (3), where h is the Planck’s
constant (4.136 x 10~ ®eVs) and c is the speed of light in vacuum
(2.998 x 10'° nm/s)

Eg = hc/xonset (3)

High optical band gap values ranging from ca. 5.21-5.67 eV for Zn
(ID-polyesters and ca. 5.49-5.81 eV for Cd(II)-polyesters were observed
and listed with the calculated values in Table 1, and showed close re-
semblance with the DFT predicted values. However, Zn(II)-polyesters
showed slightly lower experimental values when compared to the
corresponding calculated band gap energies. Despite slight differences
in the band gap values, which was anticipated for the semi-crystalline
or amorphous nature of the polymer, the measured band gaps re-
sembled nicely with the computations overall. Band gap energies of
metal containing polymers exceeded the typical band gap energies of
the corresponding oxides (ZnO = 3.37 eV and CdO = 2.28 eV), due to
the incorporation of non-polar methylene spacers inside the structure.
Moreover, dielectric constants remain high for metal containing poly-
mers, simultaneously maintaining high band gap energies unlike or-
ganic polymers. The electropositive nature of the metal atom and their
easy polarizability lead to large dipole moments within individual chain
segments. Additionally, their soft nature of stretching and wagging vi-
brational modes imparts higher IR intensities, and hence, higher ionic
contributions in their dielectric constant, which leads to high total di-
electric constant without affecting the band gap as predicted [6]. Their
averaged dielectric constants and band gaps are plotted in Fig. 7 (A)
with a few known polymers—namely polyethylene (PE), polypropylene
(PP) (dielectric constant ~ 2.2/2.2 and bandgap ~ 7 eV), and with
other common commercially available organic polymers for compar-
ison with the synthesized Zn and Cd containing polymers. For com-
parison, DFT generated complete data sets are also represented in Fig. 7
(B) for both organic and metal containing polymers. The promise from
DFT data clearly reflected in reality for the sub space expansion with Zn
and Cd containing polymers.

The effect of the number of methylene spacers per unit volume is
evident in X-Ray Diffraction (XRD) patterns shown in Fig. S7. Both Zn
(ID- and Cd(ID)-polyesters exhibited a crystalline nature in their pattern
with the exception of the C1, C2 and C3, which showed semi-crystalline
nature. This exception suggests a random orientation in the coordinated
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polymeric chain of C1, which appears to be more amorphous in nature
when compared to C2 and C3 as the diffraction pattern shows a greater
lack of crystallinity. A smaller aliphatic spacer in C1 might impart more
intrinsic strain to arrange itself to form an extended polymeric chain in
a more random fashion. Similarly, Z1 and Z2 showed lower crystallinity
compared to other systems. Increasing the number of methylene spacers
in the polymer repeat unit can be attributed with a fact of increasing the
d spacing as shown in the XRD pattern, which is listed in Table S2 for
the most intense peak of the pattern in both systems. The shifting of this
peak as shown with an arrow in Fig. S7 for Z3-Z8 and C4—C8. It is also
evident that Z3 followed a similar decreasing trend unlike C3, which
was indicative of the semi-crystalline nature of its powder form.

3.5. Thermal performance

All polymers were tested for their onset of degradation (T4) via
Thermogravimetric Analysis (TGA), as found in Table 3, and appear-
ance of thermal transitions via DSC. No thermal transition was observed
for all these systems as apparent as in Fig. S11 for Z3 and C3. It was
found that the Zn(II)-polyesters were thermally more stable than the Cd
(ID-polyesters, despite the low degradation of Z1.

C1—C5 polymers showed a tendency to absorb ~ 0.5% water by wt.
in 1h if left in open atmosphere, as can be seen in Fig. S9 for C1. This
phenomenon is evident in the FTIR spectrum in Fig. S4 (see supporting
info.) and also by TGA shown in Fig. S8 for C4—C5 polymers. The Cd
(ID-coordination polymers showed a greater tendency to absorb water
than the Zn(Il)-coordination polymers, which was due to the larger size
of the metal center of Cd(II) (r = 0.95 10\) compared to the Zn(II)
(r = 0.74 ;\). That larger size allowed small water molecules to interact
as bound water or loosely bound water in the crystal lattice. C1 and C2
showed initial weight loss at 104 °C and 161 °C, respectively, which
might be associated with loosely bound water or free water. For the C3
system, initial weight loss was found at ca. 100 °C, which continued to
increase until 210 °C. This could be explained by the initial loss of free
water, which gradually started to eliminate loosely bound water above
100 °C and finally bound water up to ca. 210 °C, as the elimination of
bound water molecules has been known to take place between 150 and
250 °C [65]. Similarly, for C4 and C5, ca. 2% weight loss could be as-
sociated with all three possible forms of water binding at 150-250 °C. In
order to further understand if freely bound water was present in the Cd
(ID- polyester(s), a cyclic thermo-gravimetric study was performed
along with FTIR. The previously oven dried C1 sample was heated to
150 °C in the TGA analyzer under an inert atmosphere and held for 1 h
at that temperature to remove any absorbed water. Approximately
5.5% of the weight loss was observed in the first cycle of the TGA run
due to the absorbed water shown in Fig. S9, which was not found after a
second heating cycle up to 150 °C under an inert nitrogen atmosphere.
This process was run again with the same sample after allowing the
sample to rest in the atmosphere for 1 h. This time, ca. 0.5% of water
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Table 3
Thermal data from TGA showing temperature at onset of degradation (T4) and
temperature at 5% weight loss (Tse,) for Zn(II)- and Cd(II)-polyester(s).

Zn(II)-polyester(s) Z1 72 73 Z4 75 76 77 78
Tq (°C) 164 327 315 326 332 327 303 311
Tso, (°C) 215 419 360 370 355 361 345 333
Cd(ID)-polyester(s) C1 c2 C3 C4 C5 C6 c7 Cc8
Tq (°C) 263 317 310 245 233 293 273 280
Tso, (°C) 271 196 210 279 296 328 293 301

was absorbed, indicating the hygroscopic nature of the C1 polymer. The
appearance of —OH stretching as a broad band at 3376 cm ™! in the
FTIR before the thermal treatment is indicative of the absorbed
moisture, which was absent after the thermal treatment showing in the
inset of Fig. S9. The band at 3519 cm ™! was assigned to hydrogen
bonding due to the strongly bound water, which disappeared after
heating to 150 °C.

It has been previously reported that the presence of water can sig-
nificantly affect the dielectric properties of system [66]. The C5 system
was chosen for further investigation to observe the effect of tempera-
ture on dielectric properties (Fig. S10) as it showed a lower average
dielectric constant ca. 4.23. Temperature dependent dielectric spec-
troscopy was carried out on an LCR meter connected to a computer for
measurement control and data analysis, which extended into an oven
for temperature control in an inert atmosphere. The dielectric constant
increased initially when it was treated from 30 °C to 90 °C due to the
increased vibrational dipolar orientation, which subsequently caused
the enhancement of charge carrier mobility [66,67]. Similarly, the
dissipation factor also increased with the increase of temperature. After
90 °C, the dielectric constant decreased due to desorption of the dipolar
water molecule from the system. The additional ligand, which was
found to be bound water, to the Cd(II) center lead to an increase in the
segmental dipole moment of the system. When the whole system was
heated to an elevated 150 °C, removal of bound water decreased the
total dipole moment leading to a lower dielectric constant.

4. Conclusion

In summary, a rational co-design approach was successfully im-
plemented for the targeted discovery of new polymeric dielectric ma-
terials. The use of transition metals in a polymer with aliphatic spacers
allowed for dielectric constants close to the metal oxides to be reached,
while drastically increasing the band gap energies with low dissipation
factors. A series of Zn— and Cd-containing polyesters were computa-
tionally studied, and trends in their DFT-computed dielectric constants
and band gaps are reported. The proposed structural models, as well as
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the calculated spectroscopic, electronic and dielectric properties,
strongly correlate with the experimental findings observed in both the
Zn(II)- and Cd(I)- coordination complex polymeric systems and give
confidence to future computations of other transition metals. The Cd
(ID-polyesters have higher dielectric constants (ca. 6.61 to 4.01) com-
pared to Zn(II)-polyesters counterparts (ca. 4.69 to 3.61), as was pre-
dicted by DFT. Moreover, they showed significant improvement over
energy loss with less than 0.5-4% at maximum at 1 kHz. Additionally,
band gap energies were observed to be on 5.51 + 0.121eV for all
sixteen systems, which exceeds the typical optical band gap energies of
ZnO and more than doubles that of CdO. This study revealed that the
identity of the metal, its character, the concentration of the metals and
the coordination environment of the metal atoms are among the crucial
factors for behaving as a dielectric. The desired dielectric constant can
be achieved by the optimal mixture of these factors. The close agree-
ment between calculated and experimental findings in our work can
serve as a starting point for further research directed towards the ex-
pansion of chemical space for other metals and linker systems. This
“computations — experiments — computations” synergistic loop was
successfully pursued in the design of the new metal containing polymer
dielectrics to rapidly screen potential materials and provide a pathway
to bypass the time-consuming process of carrying out numerous ex-
perimentations. By combining experimental data obtained here with
DFT generated data, a better model can be devised to improve struc-
ture-property prediction for dielectric materials. This could then be
expanded to other areas of materials discovery, in line with the objec-
tives of the Materials Genome Initiative.
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