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ABSTRACT: Recently, there has been a growing interest in developing wide
band gap dielectric materials as the next generation insulators for capacitors,
photovoltaic devices, and transistors. Organotin polyesters have shown
promise as high dielectric constant, low loss, and high band gap materials.
Guided by ﬁrst-principles calculations from density functional theory (DFT),
in line with the emerging codesign concept, the polymer poly(dimethyltin
3,3-dimethylglutarate), p(DMTDMG), was identiﬁed as a promising
candidate for dielectric applications. Blends and copolymers of poly(dimethyltin suberate), p(DMTSub), and p(DMTDMG) were compared
using increasing amounts of p(DMTSub) from 10% to 50% to ﬁnd a balance
between electronic properties and ﬁlm morphology. DFT calculations were
used to gain further insight into the structural and electronic diﬀerences
between p(DMTSub) and p(DMTDMG). Both blend and copolymer systems showed improved results over the homopolymers
with the ﬁlms having dielectric constants of 6.8 and 6.7 at 10 kHz with losses of 1% and 2% for the blend and copolymer systems,
respectively. The energy density of the ﬁlm measured as a D−E hysteresis loop was 6 J/cc for the copolymer, showing an
improvement compared to 4 J/cc for the blend. This improvement is hypothesized to come from a more uniform distribution of
diacid repeat units in the copolymer compared to the blend, leading toward improved ﬁlm quality and subsequently higher
energy density.
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loss from electronic conduction is observed for BOPP.11 BOPP
has a low melting point of approximately 160 °C, allowing it to
be easily processed; however, BOPP suﬀers from a low
operational temperature of under 100 °C.12 BOPP has a
dielectric constant of 2.2 and loss on the order of 10−4, which
serves as a benchmark to compare all new polymer dielectric
materials.10 Polyvinylidine ﬂuoride (PVDF) is an organic
polymer of recent interest in the ﬁeld of high-energy dielectrics
for having a high dielectric constant greater than 10 and a band
gap of 6 eV; however, because of the ferroelectric nature of
PVDF, a high degree of remnant polarization is observed.13 By
copolymerizing PVDF with bulky groups, random copolymers
of P(VDF-CTFE) or P(VDF-HFP) show improved energy
densities at upward of 15 J/cc at approximately 600 MV/m.14,15
Recently, a terpolymer of PVDF, p(VDF-TrFE-CTFE), has
been shown to have a dielectric constant of approximately 77 at

1. INTRODUCTION
Dielectric materials have long been important to our lives, with
this importance increasing as society progresses toward a more
sustainable future from fossil fuels to electrical applications.
Solar panels, wind turbines, and other renewable energy sources
are driving the demand for energy storage, conversion, and
distribution to devices such as electric cars, laptops, and cell
phones, which all require advanced dielectric materials. In
electronics, there is a consistent drive to produce lighter and
smaller components, which can be accomplished, in part, by
increasing the dielectric constant of the materials being used.
Polymers have been used as dielectrics due to their ease of
processing, allowing them to be formed into ﬂexible ﬁlms. High
dielectric constant and low-loss dielectric polymers are highly
desired for advanced electrical applications, such as ﬁlm
capacitors,1−4 artiﬁcial muscles,5−7 and electrocaloric cooling.8,9
For decades, the state-of the-art polymer dielectric has been
biaxially oriented polypropylene (BOPP) because it has an
ultralow loss (dissipation factor tan δ of ca. 0.0002) at
temperatures up to 85 °C.10 Above 85 °C, signiﬁcant dielectric
© 2016 American Chemical Society

Received: April 6, 2016
Accepted: July 28, 2016
Published: July 28, 2016
21270

DOI: 10.1021/acsami.6b04091
ACS Appl. Mater. Interfaces 2016, 8, 21270−21277

Research Article

ACS Applied Materials & Interfaces

process using DFT calculations to intentionally disrupt largescale interchain networks that have been predicted and
experimentally conﬁrmed by IR spectroscopy.40 Guided by
ﬁrst-principles calculations from density functional theory
(DFT), we were able to determine structure−property
relationships between p(DMTSub) and p(DMTDMG) and
oﬀer insights into their hybrid structures. By blending these
poly(dimethyltin esters) together and synthesizing copolymers
out of them, high dielectric constants can be maintained while
controlling morphology and allowing for the formation of
homogeneous ﬁlms. The goal of this work was to determine if
blends or copolymers would be more advantageous from a
properties perspective and to enable amorphous ﬁlms to be cast
for high-ﬁeld characterization. From a commercial mindset,
copolymers would be preferred, since the extra steps of separate
synthesis, puriﬁcation, and blending are removed.

1 kHz through numerous sequential processing methods to
ﬁne-tune the morphology.16 Other organic polymers, such as
polyimides, are currently being studied for use as hightemperature dielectric materials.17,18 Novel and new aromatic
polythioureas, polyurethanes, and polyureas have also been
investigated recently for high dielectric constant and high
breakdown dielectric applications with low loss.17−23
The processable nature and lightweight beneﬁts of polymer
ﬁlms come with the drawback of a much lower dielectric
constant (ca. 4) than that of inorganics due to a low
contribution from the ionic component of the dielectric
constant.24 Inorganic ceramics have been used as capacitor
dielectric materials with impressively high dielectric constants,
often exceeding 1000, although their relatively high loss,
nongraceful failure mode, and low breakdown strength have
limited them mostly for low-voltage decoupling applications.25,26 Barium titanate has long been of interest in the
ﬁeld with dielectric constants over 5000 depending on
morphology.27 These high values are highly sought after by
polymer scientists who hope to combine the high dielectric
constant with the graceful failure associated with organic
ﬁlms.28−30 One method that has been attempted to raise the
ionic portion of the dielectric constant is the incorporation of
inorganic nanoparticles, such as barium titanate, which is
accomplished by dispersing such nanoparticles in a polymer.31
This causes interfacial polarization to occur between the
polymer and the barium titanate nanoparticle, increasing the
overall dielectric constant for the material.30,32 In general,
without a perfect dispersion of nanoparticles, such an approach
is hindered by the sharp dielectric contrast between the high
permittivity inorganic nanoparticle and the polymer matrix.
This contrast not only allows limited ﬁeld penetration into the
inorganic phase for polarization but also leads to lowered
breakdown strength in the polymer matrix due to ﬁeld
concentration. Recent progress has been made in this ﬁeld
using BaTiO3 nanowires with an aspect ratio of 45 to reach
dielectric constants up to 44.33
Recent studies, both computational and experimental, on
aromatic and chiral poly(dimethyltin esters) show a beneﬁt
from the incorporation of metal tin atoms in the backbone of a
polymer chain through a bond between tin and oxygen.34−37
This alleviates dispersion diﬃculties as the tin atoms are
dispersed throughout the polymer and unable to aggregate
together and drop out of the polymer as nanoparticles can. The
ester linkage to the tin atom is an ideal way to bind the metal
into the polymer backbone as it provides an increased atomic
polarization and can further increase dipole interactions. By
varying the length of methylene groups between diacid
monomers, aliphatic poly(dimethyltin esters) were able to be
produced with diﬀerent weight percentages of tin.38,39 During
the study on aliphatic poly(dimethyltin esters), a suggestion
was made that ﬁlm morphology based on methylene spacer
length was responsible for variations in the dielectric constant
and the band gap. The regularly repeating and polar nature of
these poly(dimethyltin esters) allowed for high degrees of
crystallinity in the polymer powders and ﬁlms.
In this study, poly(dimethyltin suberate), p(DMTSub), was
chosen for further investigation as it had the highest reported
band gap of the aliphatic organotin polyesters coupled with a
large dielectric constant. A second (and previously not
investigated) organotin polyester, poly(dimethyltin 3,3-dimethylglutarate), p(DMTDMG), was studied alongside p(DMTSub).39 p(DMTDMG) was chosen through a codesign

2. EXPERIMENTAL SECTION
2.1. Materials. Suberic acid (99%) and 3,3-dimethylglutaric acid
(98%) were procured from Acros Organic. Certiﬁed ACS sodium
hydroxide pellets (97%) were purchased from Fisher Scientiﬁc.
Dimethyltin dichloride (98%) was procured from TCI America, and
HPLC-grade tetrahydrofuran (THF) was from J.T. Baker. Deionized
water was collected from a Millipore Super-Q puriﬁcation system. All
chemicals were used as received with no further puriﬁcation.
2.2. Synthesis Methodology. Scheme 1 shows the general
reaction procedure for the synthesis of tin polyesters as homopolymers

Scheme 1. Polymerization Reaction Scheme of
Homopolymers and Copolymers of 3,3-Dimethylglutaric
Acid and/or with Suberic Scid

and copolymers. For the homopolymer synthesis, 0.015 mol of diacid
and 0.032 mol of sodium hydroxide (NaOH) were added and
dissolved in a 100 mL round-bottom ﬂask ﬁlled with 20.0 mL of
deionized water equipped with a magnetic stir bar. In a second ﬂask,
0.015 mol of dimethyl tin dichloride was dissolved in 18.0 mL of THF.
The THF solution was then added to the aqueous solution and
allowed to polymerize at approximately 20 °C until the polymer
precipitated from the solution. The precipitate was then ﬁltered and
washed with three 50.0 mL portions of a 1:1 mixture of water and
THF and dried in vacuo (30 in. Hg) at 115 °C for 24 h.
Scheme 1 also represents the general scheme for copolymer
synthesis. For example, the following procedure was adopted for the
synthesis of poly[(dimethyltin suberate)-co-(dimethyltin 3,3-dimethylglutarate)] with 50% of the diacid being suberic acid and the
remaining 3,3-dimethylglutaric acid. For simplicity, the polymer will
henceforth be referred to as CP50 with the 50 referring to 50% suberic
acid, and subsequent polymers will have similar nomenclature. For
CP50, 0.0075 mol of suberic acid (1.3065 g) and 0.0075 mol of 3,3dimethylglutaric acid (1.2013 g) with 0.032 mol of sodium hydroxide
(1.2800 g) were dissolved in a round-bottom ﬂask with 20.0 mL of
deionized water equipped with a magnetic stir bar. To a second ﬂask,
0.015 mol of dimethyl tin dichloride (3.2954 g) was added and
dissolved in 18.0 mL of THF. The THF solution was then added to
the aqueous solution, and polymerization was carried out at
approximately 20 °C until the polymer precipitated from the solution.
The precipitate was then ﬁltered and washed with three 50 mL
portions of a 1:1 mixture of water and THF and dried in vacuo (30 in.
Hg) at 115 °C for 24 h. The other copolymers were named CP10,
CP20, CP30, and CP40 containing 10%, 20%, 30% and 40% of the
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Figure 1. Comparison of p(DMTDMG) (a) FTIR and (b) powder XRD spectra alongside p(DMTSub) (c) FTIR and (d) powder XRD spectra.
DFT results for the three diﬀerent motifs are compared beneath the experimental results.
50% of p(DMTSub), respectively, with the remainder being
p(DMTDMG).
2.3. Film Processing. Copolymer solutions of 10 wt/wt % of total
polymer to total solution in m-cresol were prepared for ﬁlm casting.
Blends and copolymers were ﬁltered with 0.45 μm syringe ﬁlters and
drop casted onto 1 in. 302 stainless steel shim stock discs (McMasterCarr) for dielectric measurements, uncoated glass microscope slides

suberic acid moiety, respectively, with the corresponding amount of
3,3-dimethylglutaric acid.
Blends were prepared as a 10 wt/wt % of total polymer to total
solution in m-cresol solvent by mixing p(DMGSub) and p(DMTDMG) homopolymers with varying mass ratios from 10% to
50% at approximately 20 °C. Diﬀerent blends were named BP10,
BP20, BP30, BP40, and BP50 containing 10%, 20%, 30%, 40%, and
21272
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Figure 2. Comparison of tin polyester blends cast on microscope slides: (a) ﬁlm XRD spectra of blends; (b) ﬁlm XRD spectra of copolymers; (c)
p(DMTSub); (d) BP30; (e) p(DMTDMG).
diﬀerent conﬁgurations of the respective polymer repeat units for
p(DMTSub) and p(DMTDMG). On the basis of the energies
computed using DFT, we obtained three kinds of structural motifs for
each polymer that constitute the “global minima” in energy with
respect to the conﬁgurational space under consideration. These motifs,
as noted in Figure 1 and explained in detail by Baldwin et al.,38,39 are
the intra, inter, and hybrid motifs, diﬀering from one another in terms
of the extent of cross-linking between adjoining polymer chains. Once
these structures were obtained, density functional perturbation theory
(DFPT)47 was employed to calculate their respective dielectric
constants. In each computation, dielectric tensors were obtained,
and the reported dielectric constant values are the traces of these
tensors. Further, the band gaps were computed for all the predicted
structures using hybrid electron exchange-correlation functionals,48
which are known to correct for the underestimation that comes from
standard DFT.49 The XRD patterns and IR spectra for the groundstate polymer structures were computed for a direct comparison with
the respective experimentally obtained patterns and spectra. The XRD
intensities were given by the square of the structure factor modulus,
which depends on reciprocal lattice vectors of the given structure.50
The IR intensities for diﬀerent frequency modes were calculated
utilizing the same DFPT computations for dielectric constants and
were given as a function of Born eﬀective charge tensors and phonon
mode eigenvectors for all the atoms in the system.51

(Fisher Scientiﬁc) for X-ray diﬀraction (XRD) analysis, and quartz
microscope slides (Fisher Scientiﬁc) for band gap measurement. The
blended solutions were dried on a leveled hot plate for 1 h at 100 °C in
a fume hood to evaporate the solvent. The ﬁlms were then dried in
vacuo (30 in. Hg) for 24 h at 150 °C and then cooled to approximately
20 °C.
2.4. Characterization Techniques. Characterization was carried
out on vacuum-dried ﬁlms as detailed above, and the ﬁlm thickness
was determined using a Measure It All LE1000-2 m with several points
measured in the testing location and averaged together. 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 (resolution
0.35 cm−1) and are reported in wavenumbers (cm−1). Thermogravimetric analysis (TGA) was performed using a TA Instruments TGA
Q500 with a heating rate of 10 °C min−1 under nitrogen atmosphere.
Diﬀerential scanning calorimetry (DSC) was performed on a TA
Instruments DSC Q20 under nitrogen atmosphere with aluminum
pans. An initial heating cycle rate of 40 °C min−1 followed by a cooling
cycle of 40 °C min−1 was used to remove the thermal history; then, a
second heating cycle of 10 °C min−1 was used to investigate glass and
melt transitions. XRD patterns were collected on a Bruker D2 phaser
with a Cu Kα (λ = 1.54184 Å) source beam. Dielectric spectroscopy
was performed in ambient atmosphere on an Agilent 4284A Precision
LCR meter sweeping from 100 Hz to 1 MHz at 25 °C in between two
guarded silicone electrodes with an area of 0.78 cm2. Optical band gap
measurements were taken by scanning the UV−visible spectrum from
800 to 200 nm and measuring the wavelength of absorption onset.
Polarization measurements were conducted with a modiﬁed Sawyer−
Tower circuit, employing a Trek Model 10/40 10 kV high-voltage
ampliﬁer and an OPA541 operational ampliﬁer-based current to
voltage converter.
2.5. Calculation Methodology. The low-energy crystal structural
arrangements of p(DMTSub) and p(DMTDMG) were determined
using DFT41 as the computational tool. DFT was applied as
implemented in the Vienna ab initio simulation package42 using the
Perdew, Burke, and Ernzerhof functional43 bolstered with the DFTDF2 vdW correction44,45 to explicitly take the weak interactions
between polymer chains into account. Given that prior knowledge of
the ground-state crystal structures of such Sn ester based polymers is
not available, the minima hopping algorithm46 was used to explore

3. RESULTS AND DISCUSSION
3.1. Rational Selection of Materials. Previous studies on
poly(dimethyltin glutarate), p(DMTGlu), showed a material
with a dielectric constant of approximately 6.2 and a band gap
of approximately 4.7 eV; however, interchain coordination
produced large networks of polymer chains that resulted in
poor ﬁlm quality.38 These ﬁlms were inadequate for sensitive
high-ﬁeld measurements, which are used to determine dielectric
linearity and energy density. DFT enabled quick screening of a
number of potential replacements, and p(DMTDMG) was
shown to have a similar calculated dielectric constant and a high
band gap of 6.1 eV, along with an increase in free volume and
steric hindrance. While p(DMTDMG) also had trouble
forming ﬁlms, blending it with 20% p(DMTGlu) produced
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Figure 3. Dielectric constants for tin polyester homopolymers and (a) blends or (b) copolymers at 25 °C open to ambient atmosphere.

Table 1. Dielectric Constant and Loss Values Taken at 10 kHz for Tin Polyesters and Their Band Gapsa
polymer

p(DMTSub)

p(DMTDMG)

BP10

BP20

BP30

BP40

BP50

CP10

CP20

CP30

CP40

CP50

dielectric constant (10 kHz)
loss (10 kHz)
optical band gap (eV)

5.6 (5.5)
1.7
6.7 (6.2)

6.3 (5.3)
1.2
4.8 (5.9)

6.8
0.9
4.8

6.6
0.8
4.8

6.2
0.7
4.8

5.7
0.9
4.8

5.1
0.5
4.8

6.7
1.8
4.8

6.6
1.0
4.9

6.4
1.0
4.9

6.0
1.4
4.9

5.9
1.8
4.9

a

DFT results shown in parentheses are material predictions, calculated from the average of the three structural motifs labeled as inter, intra, and
hybrid.

ﬁlms suitable for D−E hysteresis loops. For this study,
p(DMTSub) was chosen over p(DMTGlu), since it was
shown to have a higher band gap (6.7) and dielectric constant
(6.6) as a pressed powder pellet.39
3.2. Structural Characterization. Figure 1 represents the
structural characterization of p(DMTDMG) showing both
experimental and computational manifestation alongside the
previously studied p(DMTSub).39 FTIR spectroscopy was used
to examine the presence of three diﬀerent motifsinter, intra,
and hybridfound in tin polyesters as previously speculated by
Peruzzo et al.,52 reported by Carraher,53 and conﬁrmed by
Baldwin et al.37−39 The important Sn−O mode here was the tin
carboxylate seen in the range 630−643 cm−1. For C−O, the
modes of interest were asymmetric bridging and nonbridging
bonds, which occurred at 1550−1580 and 1635−1660 cm−1,
respectively54−56 Symmetric bridging and nonbridging occurred
at 1410−1430 and 1350−1370 cm−1, respectively, resembling
the calculated spectra for p(DMTDMG) and p(DMTSub) in
Figure 1a and c, respectively.54−56 The powder XRD patterns
showed these bonds against the computationally predicted
spectra of the three competing motifs to compliment the FTIR
data. The XRD patterns for the homopolymers p(DMTDMG)
and p(DMTSub) in Figure 1b and d, respectively, do not
contain exact peak resemblance for any of the three motifs:
inter, intra, and hybrid. DFT predictions use the lowest energy
structures found for each of the three motifs; however, lower
energy structures could exist that were not found by the
minima hopping algorithm. In addition, more complex motifs
could form besides the three considered here containing many
variations of inter and intra motifs along the polymer backbone.
These motifs would manifest themselves with diﬀerent
diﬀraction patterns and could be represented in the
experimental diﬀraction pattern. Considering these complex
motifs would make the DFT calculations impractical, and no
predictions are able to be made on their FTIR spectra, XRD
patterns, or electronic properties.
All ﬁlms were casted on glass microscope slides, as described
in Section 2.3, while dried powders were placed in a clean
sample holder and analyzed on a Bruker D2 phaser. The

stacked XRD patterns are plotted in Figure 2a showing changes
as the p(DMTSub) weight percent increases from bottom to
top, resulting in an amorphous nature of all blends in varying
extent. The homopolymer p(DMTSub) ﬁlm in Figure 2c was
found to be semicrystalline in nature and conﬁrmed by the near
total absence of an amorphous region in the XRD pattern. The
crystalline nature of p(DMTDMG), seen in Figure 1b,
disappeared when cast as a ﬁlm on glass slides from m-cresol.
This can be visually observed in Figure 2, in the images of the
cast BP30 ﬁlm (d) as well as the homopolymer p(DMTDMG)
ﬁlm (e).
To further investigate the morphological dependence of
these systems, 3,3-dimethylglutaratic acid was copolymerized
with suberic acid to disrupt the chain packing and provide a
diﬀerent amorphous nature than the blends. By providing a
random distribution of the diﬀerent diacids throughout the ﬁlm,
an increase in relative permittivity and breakdown strength is
expected to occur.57 Low ratios of suberic acid content in
copolymers were also seen to be amorphous under visual
inspection and conﬁrmed in the XRD with a broad peak at low
angles. As the ratio increased to 40% of suberic acid and above,
the ﬁlms became opaque and were shown to have sharp peaks
characteristic of a crystalline structure. The peaks became
increasingly similar to that of a p(DMTSub) homopolymer,
which was the same for both powder and ﬁlm. This showed a
decreasing eﬀect in the ability of 3,3-dimethylglutaric acid to
disrupt chain packing as the concentration of it decreases in the
overall copolymer composition. The FTIR spectra were
collected for all of the copolymers and analyzed in a similar
manner to the homopolymers. The spectral analysis conﬁrmed
the presence of the three diﬀerent motifs for the metal
carboxylate bonds. All copolymers were also tested for their
onset of degradation via TGA and any thermal transitions via
DSC with the procedure described in Section 2.4. Degradation
occurred around 250 °C for all copolymers, displaying no
thermal transitions in the region before degradation. All FTIR,
TGA, and DSC plots are enclosed in the Supporting
Information.
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on p(DMTGlu),38 which was blended with 80% by weight
p(DMTDMG) to give a suitable ﬁlm for analysis.38 A D−E
loop was also reported for BP20.39 To give a direct comparison
between the previously studied blends, we reported the D−E
hysteresis loop for the copolymer system CP20 as shown in
Figure 4. The ﬁlms were prepared as described by Baldwin et al.

3.3. Dielectric Properties. Dielectric spectroscopy was
carried out for all the blend and copolymer ﬁlms. The results
for the dielectric constants for the blends and copolymers
plotted against frequency are shown in Figure 3a and b,
respectively, along with p(DMTDMG) and p(DMTSub) for
comparison. Dielectric spectroscopy results in Figure 3a
showed the eﬀect of blending homopolymers on improving
the dielectric constant of the overall ﬁlm. BP50 showed the
lowest dielectric constant of 5.1 at 10 kHz. Decreasing the
concentration of p(DMTSub) to 40%, BP40, brought the
dielectric constant up to 5.7, which is similar to the value for
pure p(DMTSub). Further decreasing to 30% p(DMTSub),
BP30, brought the dielectric constant to 6.2, which is in the
same range as the dielectric constant of p(DMTDMG) at 6.3. A
subsequent decrease of p(DMTSub) content in the blend
brought the dielectric constant higher than the homopolymers
to a value of 6.8 for BP10 and 6.6 for BP20 at 10 kHz. The loss
values around 10 kHz are shown in Table 1 and were all below
1% for the blends, which is acceptable for many energy storage
applications.
The dielectric constants for copolymers, as seen in Figure 3b,
were shown to increase as the amount of suberic acid was
decreased and replaced with 3,3-dimethylglutaric acid, which
could be correlated with a decrease in crystallinity. The two
highest dielectric constants were found to be for CP10 at 6.7
and CP20 at 6.6 at 10 kHz. The loss values of copolymer ﬁlms
were slightly higher than those of the ﬁlms of blends as seen in
Table 1; still, all of the copolymers had less than 2% loss with
the highest value for CP50 at 1.8% loss and the lowest being
CP20 at 1% loss.
3.4. Breakdown Strength and Band Gap. Insulating
polymers exceed their breakdown ﬁeld when electrons from the
valence band are promoted to the conduction band to an extent
that creates an electron avalanche.58 The energy gap between
the valence band and the conduction band, or the band gap, can
be used as an indicator for intrinsic breakdown strength; a
larger band gap would allow a higher ﬁeld before breakdown.59
As previously reported, the band gap of the p(DMTSub)
homopolymer was the largest among aliphatic p(dimethyltin
esters) at 6.5 eV, and the band gap of p(DMTDMG) was
experimentally determined to be at 4.8 eV.39 The calculated
value for the p(DMTSub) band gap shows close agreement
with experiments compared to p(DMTDMG) as seen in Table
1, where the predicted values from DFT are shown in
parentheses. This result is expected as p(DMTSub), which is
more crystalline than p(DMTDMG), closely resembles the
morphology used for band gap calculations. As determined by
UV absorption, the band gaps of polymer blends corresponded
to the lowest band gap component, p(DMTDMG), which has a
band gap of 4.8 eV. This value is above the criteria previously
set forth, that is, that a band gap greater than 3 eV would lead
to high breakdown strengths.21 Similarly, all of the copolymers
studied were found to have a band gap close to p(DMTDMG),
and the band gap values are between 4.8 and 4.9 eV. A band
gap of approximately 5 eV should give a high intrinsic
breakdown; however, experimental issues such as impurities
arising from trapped solvent and structural defects due to them
may lower the measured breakdown.60 More importantly, 3,3dimethylglutaric acid has proven essential in allowing tin
polyester ﬁlms to be made with suﬃcient quality that such
measurements can be taken.
3.5. Polarization Measurements. The ﬁrst D−E hysteresis loops reported for tin polyester polymers were performed

Figure 4. D−E hysteresis loop for CP20 along with an inset showing
the corresponding total energy density and eﬃciency plot.

where a 0.07 cm2 section of the ﬁlm was metalized by
sputtering a Au/Pd (80/20 wt %) electrode.38 Breakdown for
CP20 was observed at approximately 500 MV/m with a
maximum energy density of approximately 6 J/cc. This is an
increase over BP20 that was found to have breakdown of
approximately 300 MV/m with an energy density of
approximately 4 J/cc and the p(DMTGlu) blend that had a
breakdown of approximately 400 MV/m and an energy density
of approximately 4 J/cc.38,39 The eﬃciency remained above
90% until the electric ﬁeld reached the limit of the material, 500
MV/m, after which the eﬃciency dropped to 85%. The
improved breakdown and energy density measurements for the
copolymer over the blends are attributed to improved ﬁlm
formation and uniformity. For polar polymers, it has been
proposed that random dipoles in the amorphous region
contribute electron-dipole scattering to prevent dielectric
breakdown by stabilizing electron energy.57 Blends have the
ability to phase separate into small domains, but the
copolymers force the bulky 3,3-dimethyl group in close
proximity to the suberate group to suppress crystallinity.

4. CONCLUSION
In summary, in keeping with the emerging codesign concept in
which computational and experimental work are synergistically
employed, we have shown how computational guidance by
DFT enabled the selection of a complementary polymer,
p(DMTDMG), which allowed high-ﬁeld characterization of
previously studied aliphatic tin polyesters through blending and
copolymerization. By introducing the 3,3-dimethylglutarate unit
into poly(dimethyltin esters), the degradation of ﬁlm quality
due to crystallinity has been reduced while the dielectric
constant and energy density have been improved. This goes
against the trend for nonpolar polymers, most notably BOPP,
where biaxially stretching to increase crystallinity also increases
the breakdown ﬁeld to approximately 700 MV/m. Through
further use of DFT calculations, the homopolymers p(DMTSub) and p(DMTDMG) were studied in depth with
predicted IR spectra, XRD spectra, band gaps, and dielectric
constants closely matching experimental results. Films made
from the blend BP20 and copolymer CP20 both showed high
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dielectric constants of 6.6 and loss of approximately 1%.
Copolymerization was found to be better suited than blending
for energy storage as the energy density of CP20 was calculated
at approximately 6 J/cc compared to 4 J/cc for BP20. The
insights from this research will help to improve the feasibility of
poly(dimethyltin esters) for use as a next generation polymer
dielectric.
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