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Chapter

Polyimides as High Temperature 
Capacitor Dielectrics
Janet Ho and Marshall Schroeder

Abstract

Nearly five decades of effort has focused on identifying and developing new 
polymer capacitor films for higher-than-ambient temperature applications, but 
simultaneous demands of processability, dielectric permittivity, thermal conductiv-
ity, dielectric breakdown strength, and self-clearing capability limit the number of 
available materials. Demands on these criteria are even more stringent in growing 
numbers of applications demanding high power performance. Aromatic poly-
imides, though not a panacea, are a class of heat-resistant polymers of great interest 
to researchers as capacitor dielectrics because of good thermal and mechanical 
stability. In this chapter, the key aspects and advantages of metallized polymer 
film capacitors are compared to analogous alternative technologies (polymer-
film-metal-foil, ceramic, and electrolytic capacitors), followed by a comprehen-
sive review of commercial resin development leading up to recent research on 
polyimides targeted for operating temperature above 150°C. Finally, this chapter 
provides a brief discussion on the recent effort on combining computation and 
synthesis to design polymers with desirable dielectric properties.

Keywords: Kapton, Ultem, polyimides, high temperature, capacitor dielectrics, 
thermal conductivity, self-clearing, metallized film capacitors, power electronics,  
DC link capacitors

1. Introduction

Capacitors are one of the primary components in power electronic devices, 
some of which are required to operate in hostile environments across a variety 
of consumer, industrial, and military sectors. For example, the sensors in “down 
hole” electronics for characterizing oil, gas, and geothermal wells can experience 
temperatures exceeding 200°C depending on the well depth. In the aircraft indus-
try, new engine control systems require placement of sensor/actuator and signal 
conditioning electronics in or near aircraft engines where temperature can be in 
range of 200–300°C. Similar demands exist in the automobile industry, with power 
electronics located in the engine compartment and near the wheels of hybrid and 
electric vehicles where temperatures can reach 150°C [1–5].

For high voltage (>500 V [6]) applications, metallized polymer film capacitors 
are generally selected over polymer-film-metal-foil, ceramic, or electrolytic capaci-
tors because of the enhanced volumetric efficiency and improved safety. Failure of 
a charged high energy capacitor (>10 kJ) is equivalent to a bomb, which requires 
design engineering with an appropriate failsafe mechanism such that energy is 
released gradually as the capacitor fails. Presently, the only compatible technology 
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is based on polymer film capacitors with thin metallization as electrodes, for which 
a thin layer of vacuum-deposited metallization (usually 20–100 nm of aluminum, 
zinc, or alloy [7]) functions as a fuse. When a localized breakdown of the film 
occurs during operation, (i) the current flowing through the breakdown site is lim-
ited by the metallization resistivity and (ii) the energy dissipated in the breakdown 
is sufficient to vaporize/oxidize the metallization near the breakdown, isolating 
the breakdown site. This results in a small decrease in capacitance but continued 
operation of the capacitor at the rated voltage. This “graceful” recovery mechanism 
is known as “self-clearing” and a photograph of a breakdown (“clearing”) site in a 
metallized polymer film is shown in Figure 1. In contrast, polymer film capacitors 
with metal-foil electrodes (5–10 μm thick [9]) and ceramic capacitors, for which the 
electrode is a thick metal coating, often fail catastrophically if shorted [10, 11].

With power system designers striving for miniaturization and reliability at high 
temperatures and operating voltages, they must turn to specialized components. 

Figure 1. 
Photograph of a breakdown site in a metallized polymer film. Figure reproduced from Figure 3 of [8] with 
permission from IEEE.



3

Polyimides as High Temperature Capacitor Dielectrics
DOI: http://dx.doi.org/10.5772/intechopen.92643

These applications are enabled, in part, by wide bandgap semiconductors (e.g., 
silicon carbide), which support operation at temperatures well above 150°C [3, 12]. 
However, these types of environments are too aggressive for conventional polymer 
capacitor dielectrics unless the voltage is derated, or an active cooling mechanism 
is implemented, introducing additional cost and complexity while reducing energy 
efficiency. High temperature polymer film capacitors offer a promising solution 
for these issues due to reduced thermal management requirements and elimina-
tion of the voltage derating due to improved stability of the breakdown strength at 
high temperatures. Aromatic polyimides are one specific class of high temperature 
polymers which have been commercially available since the early 1960s [13], but 
the form in which these materials are manufactured generally does not meet the 
specifications required for capacitor films. One of the main requirements is the 
processability of the polymer into a continuous thin film (<12 μm thickness), since 
the capacitance scales inversely with film thickness [14]. This limitation precludes 
the use of Kapton® polyimide as a capacitor dielectric [15], even though it has been 
used extensively as wire and cable insulation for aircraft with a continuous operat-
ing temperature of 300–350°C since the early 1980s [16–18].

One major impediment to the development and integration of new capaci-
tor dielectrics is that specialty film chemistries optimized specifically for high 
performance polymer capacitors represent relatively small markets (i.e. military, 
aerospace, and down hole exploration [3, 12]) compared to those necessary for 
profitable commercial production of a polymer resin. Other than biaxially ori-
ented polypropylene (BOPP) and polyethylene terephthalate (BOPET), which are 
commodity films in a variety of commercial applications such as packaging [19, 
20], nearly all commercial polymer capacitor films are specialty polymers syn-
thesized for other applications. For example, poly (phenylene sulfide) (PPS) and 
poly(ethylene 2,6-naphthalate) (PEN) are available as premium capacitor dielec-
trics, but the majority of their use is in automotive, household, and food packaging 
applications [21–24].

This chapter discusses the important criteria for high temperature polymer 
capacitor dielectrics and presents a comprehensive review on commercial resin 
development up to recent research progress on polyimide (PI) targeted for operat-
ing temperature above 150°C. While many review articles on various aspects of 
polymeric capacitor dielectrics are available [25–32], this chapter has a specific 
focus on polyimides for high temperature applications.

2. Relevant polymer properties for capacitors dielectrics

The deliverable energy density of a capacitor scales linearly with the dielectric 
constant and quadratically with breakdown strength. As such, engineers and scien-
tists often focus on these two properties while neglecting other relevant character-
istics, such as thermal conductivity and the implications of chemical composition 
of a polymer on self-clearing capability. These properties will be discussed in the 
following subsections.

2.1 Thermal conductivity

For reliable operation at elevated temperatures, efficient heat removal from 
the interior of capacitors is essential but often challenging, especially in metal-
lized polymer film designs due to the low thermal conductivity of both the poly-
mer dielectric and the thin metallization [33]. As electrical insulators, polymer 
dielectrics are poor thermal conductors with thermal conductivities ranging from 
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0.1 W/(m·K) for amorphous polymers [34] to about 0.6 W/(m·K) for the present 
state-of-the-art BOPP capacitor films [35]. As for the electrodes, while the thermal 
conductivity of metals are typically three orders of magnitude higher than those 
of polymers, the metallization is also ~1000 times thinner than the dielectric and 
may not have the thermal conductivity of the bulk metal from which it is deposited. 
One approach to increase thermal conductivity of the polymer is by blending in 
ceramic nano-fillers. Researchers have shown that mixing 10 vol% boron-nitride 
nano-sheets (BNNS) with an amorphous polymer resulted in a six-fold increase 
in thermal conductivity from 0.3 to 1.8 W/(K·m) [36]. The resulting BNNS/poly-
mer nanocomposite also exhibited an increase in dielectric constant, breakdown 
strength, and charge-discharge efficiency, the latter of which was attributed to 
reduction of the conduction current. A similar trend has also been observed in other 
polymer systems including polyimides [37, 38].

2.2 Self-clearing capability: implications of chemical composition

For a self-clearing event to occur successfully, the metallization needs to be thin 
enough to be vaporized/oxidized by the energy dissipated during the dielectric 
breakdown. In addition, the polymer also needs to be oxidized completely, leaving 
no conductive paths from free carbon in the region of cleared metallization around 
the breakdown site, as shown in Figure 1 [8]. Based on an in-depth study of the 
physics and chemistry of clearing phenomena, polymers with low ratios of carbon 
to (hydrogen + oxygen) in the repeating units, such as cellulose, often exhibit 
excellent self-clearing. Conversely, polymers with high carbon to (hydrogen + 
oxygen) ratios, like polystyrene, tend to form greater amounts of free carbon for 
a given clearing energy and clear poorly [7]. This trend is illustrated in Table 1, 

aAdapted from [5].
bData taken from [7].
cObservation taken from [5, 7].

Table 1. 
Chemical composition of various polymer dielectrics including ratios of (carbon + nitrogen + sulfur) to 
(hydrogen + oxygen), amount of residual carbon, and the observation of self-clearing behavior.



5

Polyimides as High Temperature Capacitor Dielectrics
DOI: http://dx.doi.org/10.5772/intechopen.92643

in which the chemical composition of various polymer dielectrics is correlated 
with the amount of carbon residue, both measured and calculated, based on 
comparison between amount of carbon in the gaseous by-products and composition 
of the dielectrics [5, 7]. Kapton® polyimide, also shown in Table 1, has a high 
degree of aromaticity in the structure and has a tendency toward carbonization 
(arc-tracking), as observed in wire insulation in commercial aircraft before 
fluoropolymers were applied as thin coatings to resist arc-tracking [39, 40]. Poor 
self-clearing can be mitigated to some degree by applying a thin coating of acrylate 
over the dielectric to increase the oxygen content. The clearing energy can also 
be reduced by increasing the metallization resistance in order to avoid damaging 
adjacent layers of dielectric during clearing (Figure 2), given that a metallized 
film capacitor is typically wound from two layers of single-side-metallized 
dielectric film as illustrated in Figure 3 [8]. However, the trade-offs for increasing 
metallization resistance include higher equivalent series resistance (ESR), lower 
thermal conductivity, and lower ripple current handling capability. Thus, achieving 
an optimum balance between capacitor ESR and clearing energy depends on the 
application requirements.

2.3 Tensile strength

In order to withstand the tension applied by winding machines during capacitor 
manufacturing, a polymer dielectric must have sufficient tensile strength. A typical 
value of tension used by capacitor manufacturers is about 10 MPa while the typical 
tensile strength for various commercially available capacitor films is in the range 
of 160–200 MPa [41]. In comparison, Kapton® polyimide has a tensile strength 
of 72 MPa and poly(ether imide) 97 MPa [31]. Based on these values, the tensile 
strengths of the polymers discussed herein are sufficient for capacitor winding.

2.4  Temperature dependence of dielectric constant, dissipation factor, and 
breakdown strength

Polar polymers often exhibit a substantial increase in dielectric constant 
when the temperature passes through the glass transition temperature (Tg) of 

Figure 2. 
Photograph of an unwound metallized film capacitor having poor self-clearing behavior with damage involving 
adjacent layers.
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the polymer; however, non-polar polymers, which have only electronic polariza-
tion, are less temperature-dependent (Figure 4). The temperature dependence 
of dielectric constant for polar polymers is the result of increased polymer chain 
mobility as temperature increases through the Tg. This leads to greater free-
dom in accessible molecular dipole orientations at frequencies below 1012 Hz, 
while the electronic and atomic contributions tend to occur at around 1012 Hz 
and above [44]. Furthermore, polymers tend to have a broad distribution of 
response times as a result of interconnectivity and steric-hindrance imposed 
by neighboring molecules [45]. Substantial increases in dielectric constant 
near Tg limit capacitor operation for polar dielectrics to somewhat below Tg for 
many applications requiring a stable capacitance, including power condition-
ing/conversion in electronic circuitry, where the operating frequency ranges 
from tens of kHz for silicon-based switches to a few GHz for gallium nitride 
transistors [46].

Dissipation factor (DF) of a dielectric is a measure of electrical energy 
dissipated, usually in the form of heat, when an oscillating electric field is applied. 

Figure 3. 
Schematic of the construction of a metallized polymer film capacitor winding without the end connections.

Figure 4. 
Typical change in capacitance and dissipation factor (DF) of various polymer film capacitors as a function 
of temperature at 1 kHz. PET: poly(ethylene terephthalate), PEN: poly(ethylene 2,6-naphthalate), PPS: 
poly(phenylene sulfide), PC: poly(carbonate), PP: poly(propylene). Data adapted from [42, 43].
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Similar to the dielectric constant, the DF is temperature and frequency-dependent 
and is more pronounced for polar polymers (Figure 4). In a capacitor, the total 
DF is a combination of contributions from the electrode and the polymer. For the 
electrode, metallization has a characteristic DF of ~0.1%, while the DF of metal foils 
is negligible. For polymers, DF can range from 0.01% for nonpolar polymers like PP, 
to as high as 1% for polar polymers such as PET, as shown in Figure 4. Depending 
on the capacitor applications, such as in a snubber or DC link, the requirement for 
dissipation factor ranges from ~0.01% for the former, to 0.1% for the latter [47–50]. 
Thus, for a snubber to meet the low DF requirement, metal foil electrodes with a 
BOPP polymer film is a common capacitor configuration.

The breakdown strength of a dielectric is defined as the maximum electric 
field that a dielectric can sustain for a given electrode configuration, test area, 
[51, 52] and voltage waveform (e.g. linear voltage ramp rate for DC breakdown 
[53]). The breakdown field is a statistical parameter, typically characterized 
by a Weibull distribution, although sometimes the log-Normal distribution 
provides a better fit [54]. It is usually determined by extrinsic factors such as 
weak points or defects such as embedded foreign particles in the dielectric [55]. 
Therefore, when reporting the breakdown field at the film level (as opposed to a 
wound capacitor), measurement conditions such as the electrode configuration 
(ball-plane or parallel plates) and test area should be included. For comparison 
purposes, all breakdown field data contained in this chapter included a 
description of the measurement conditions or control measurements with other 
capacitor-grade polymer films. Presently, BOPP capacitor films have the highest 
breakdown field of ~700 MV/m (at the 63% Weibull cumulative probability for 
a test area of ~2 cm2 and 300 V/s linear ramp voltage) among all commercial 
polymer capacitor films [56]. The breakdown field of polymers decreases as 
temperature approaches Tg of amorphous (e.g. poly-ether-imide or PEI) or Tm 
of semi-crystalline polymers, [such as BOPP and BO poly-phenylene-sulfide 

Figure 5. 
Weibull characteristic breakdown field as a function of temperature for various polymers. Electrode area: 
~2 cm2. BOPP: biaxially oriented poly(propylene), PPS: poly(phenylene sulfide), PEI: poly(ether imide). 
Figure taken from [57].
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(PPS)], as shown in Figure 5 [57]. Hence, the operating voltage of a capacitor is 
usually derated at elevated temperatures to protect against failure and prolong 
operational lifetime (Figure 6). Although many breakdown mechanisms have 
been proposed [58–61], extrinsic breakdown in solids is generally driven by 
power dissipation and eventually “thermal runaway”, which leads to breakdown 
[62, 63].

3. Commercial polyimides evaluated for capacitor applications

In the early 1990s, the lack of suitable high temperature polymer film capaci-
tors prompted a concerted effort funded by NASA and the U.S. Air Force to 
develop new capacitor dielectrics based on commercially available heat-resistant 
polymers with operating temperatures above 200°C. While Kapton® polyimide 
has been used extensively since the early 1980s as wire and cable insulation for 
aircraft (continuous operating temperature of 300–350°C [16–18]), it has never 
been used as a capacitor dielectric due in part to its previous inability to be manu-
factured in thin films. Nevertheless, it is a common benchmark for development 
of new dielectrics. One study reported that the dissipation factor of Kapton® 
at the film level increased from 0.1% at 25°C and 1 kHz to 6% at 300°C, while 
that the dielectric constant decreased from 3.1 at 25°C and 1 kHz to 2.8 at 300°C 
[64, 65]. At 10 kHz, Kapton® showed a similar decreasing trend with increasing 
temperature for the dielectric constant while the dissipation factor remained 
constant at 0.1% at temperature up to 300°C, as shown in Figure 7 [36]. Another 
recent study showed that Kapton® at 1 kHz in a film-foil capacitor configuration 
exhibited a gradual decrease in capacitance from 25 up to 225°C, followed by an 
abrupt increase at higher temperature, as illustrated in Figure 8. In this configu-
ration, the dissipation factor of Kapton® remained constant at 0.1% up to 200°C 
and then increased sharply as temperature was further increased [66].

Another aromatic polyimide is SIXEF-44™ (Figure 9), which is manufactured 
by Hoechst Celanese based on 2,2-bis(3,4dicarboxyphenyl) hexafluoropropane 
dianhydride (6FDA) and 2,2-bis(4-aminophenyl) hexafluoropropane diamine 
(4,4′-6F diamine). This fluorinated polyimide has a glass-transition temperature 
(Tg) of 323°C [67] and a dielectric constant of 2.8 at 1 kHz with <10% change 
across temperature range from −55 to 300°C. The dissipation factor is around 0.1% 
over the temperature range of 25–250°C from 100 Hz to 10 kHz, as illustrated in 

Figure 6. 
Typical derating of operating voltage for various polymer film capacitors as a function of temperature. 
PET: poly(ethylene terephthalate), PEN: poly(ethylene 2,6-naphthalate), PPS: poly(phenylene sulfide), PC: 
poly(carbonate), PP: poly(propylene). Data adapted from [42, 43].
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Figure 10 [68]. The reduced dielectric constant in SIXEF-44™ relative to nonfluo-
rinated counterparts was attributed to the symmetry of the fluorine atoms on the 
polymer backbone [67, 69, 70].

Figure 7. 
Dielectric constant and dissipation factor at 10 kHz for Kapton® film as a function of temperature. Data 
adapted from [36].

Figure 8. 
Normalized capacitance and dissipation factor at 1 kHz as a function of temperature for an 8-μm Kapton® 
HN-30 film capacitor wound with 12-μm copper foil. Data adapted from [66].

Figure 9. 
Chemical structure of SIXEF-44™.
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Other aromatic polyimides investigated include perfluoropolyimide (PFPI) 
(Figure 11) and Upilex-S® (Figure 12). PFPI was developed by TRW, Inc., and 
is a perfluoroisopropylidene diamine of 2,2-bis(4,4-aminophenoxy)-phenyl-
hexafluoropropane (4-BDAF) and pyromellitic dianhydride (PMDA) [71]. 
Upilex-S® was originally synthesized by ICI Americas, Inc. from monomers of 
3,3′,4,4′-biphenyl tetracarboxylic dianhydride (BPDA) and p-phenylene diamine 
(p-PDA). The Tg for PFPI is above 390°C [72] while that of Upilex-S® is 355°C 
[73]. The dielectric constant of PFPI is 3.1 at 25°C but decreases to 2.9 at 300°C 
[64, 65], while that of Upilex-S® is 3.3 for 1 kHz and temperatures from 25 to 
300°C. The dissipation factor for both PFPI and Upilex-S® at 1 kHz is about 0.1% 
at both 25 and 300°C.

Figure 11. 
Chemical structure of PFPI.

Figure 12. 
Chemical structure of Upilex-S®.

Figure 10. 
Dissipation factor of SIXEF-44™ as a function of temperature at various frequencies. Data adapted from [68].
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Most aromatic polyimides suffer from the same processing issues as a result 
of the high degree of aromaticity, which led researchers to develop modified 
systems with flexible moieties such as ether linkages and alkyl groups in the 
polymer backbone. One example is Ultem™, which is poly(ether imide) (PEI) 
(Figure 13) that is synthesized from the disodium salt of bisphenol A and 
1,3-bis(4-nitrophthalimido)benzene [74]. Subsequent development efforts 
focused on melt-extrusion and stretching of PEI films have enabled film thick-
nesses as thin as 5 μm [31]. The Tg of PEI is ~215°C, which is considerably lower 
than many of the wholly aromatic polyimides due to the increase in flexibility 
imparted by the ether linkages and alkyl groups [17]. The dielectric constant and 
dissipation factor of PEI are about 3.1 and 0.2%, respectively, at frequencies from 
100 Hz to 10 kHz and temperatures from 25 to 200°C; however, they increase 
sharply as temperature approaches the Tg, as shown in Figure 14 [36, 57]. Such 
temperature dependence for the dielectric constant and dissipation factor is a 
characteristic for polymers with molecular dipoles as discussed in Section 2.4.

4. Recently developed polyimides

Over the past 10 years, research efforts have continued to develop new 
polyimides for capacitor dielectrics. The thermal stability of these new polymers 
is primarily derived from a high degree of aromaticity and fused-ring heterocyclic 
rigid structures. As energy density of a capacitor scales with the dielectric constant, 
some researchers have specifically focused on designing new aromatic polyimides 

Figure 13. 
Chemical structure of PEI.

Figure 14. 
Dielectric constant and dissipation factor at 10 kHz for PEI film as a function of temperature. Data adapted 
from [36, 57].
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(PIs) that have a higher dielectric constant than the typical value of 3 while 
preserving the essential thermal/mechanical properties.

One common approach to increasing the dielectric constant is by incorporating 
polar moieties into the backbone of a polymer chain to enhance the dipole moment. 
The nitrile group (▬CN) is one of the polar moieties that was explored by Wang 
et al. [75, 76] and Treufeld et al. [77], in which the number of ▬CN dipoles on 
the diamine was varied between 0, 1, and 3. The nitrile-containing diamines 
synthesized in the study were aminophenoxy-benzonitrile (APBN)-based with the 
two amino groups varying between three isomeric positions (m,m, m,p, and p,p) 
(Figure 15) to explore the effect of isomeric position on the 6FDA-based PIs. A 
nitrile-free analog, LaRC-CP2™ [78, 79], was used as a control.

Among the 6FDA-based PIs, the addition of one nitrile group in the diamine 
increased the room temperature dielectric constant from 2.9 (independent of 
frequency between 0.1 Hz and 1 MHz for the nitrile-free PI) to between 3.1 and 
3.5 depending on the frequency and isomeric positions of the diamine linkage. 
In general, the m,m- and m,p-positions exhibited higher values (3.25–3.5) as 
compared to the p,p-position (Figure 16). Further increasing the nitrile content 
to three nitrile groups per diamine monomer resulted in an additional increase 
of the room temperature dielectric constant to between 3.5 and 3.7 (frequency 
dependent) for the 6FDA-based PIs with p,p-linkage. Interestingly, substitution 
of the other two isomeric positions had no significant effect (Figure 17). The 
investigators explained that the greater flexibility of the three ▬CN dipoles in the 
p,p-linkage as compared to the m,m- or m,p-linkage in the diamine resulted in 
greater dipolar polarization. An increase in dielectric constant was also observed 
in the OPDA-based PIs with m,m diamine linkage with increasing content of 
▬CN dipoles.

Figure 15. 
Reaction schemes of various polyimides: (a) LaRC-CP2 from 2,2-bis(phthalic anhydride)-1,1,1,3,3,3-
hexafluoroisopropane (6FDA) and the 1,3-bis(3-aminophenoxy) benzene (APB) diamine, (b) with one 
benzonitrile (BN) group, (c) with three benzonitrile groups. Reaction schemes adapted from [75, 76].



13

Polyimides as High Temperature Capacitor Dielectrics
DOI: http://dx.doi.org/10.5772/intechopen.92643

The key drawback of the addition of nitrile groups was the increase in tempera-
ture dependence in both the dielectric constant and dissipation factor, as illustrated 
in Figure 17. For example, the dielectric constant of the nitrile-free 6FDA-based 
PI at 10 kHz increased by only 1.4% over a temperature range of −150 to 190°C, 
whereas that of the three nitrile-containing analogs with the m,m-, p,p-, and m,p-
linkages rose 6.3, 8.3, and 15%, respectively. With respect to the dissipation factor, 
the nitrile-free PI remained below 0.5% over the tested temperature/frequency 

Figure 16. 
Dielectric constant and dielectric loss as a function of frequency at ambient conditions for 6FDA-APB nitrile 
free PI and the three analogs containing one ▬CN dipole per diamine at different isomeric positions. Data 
adapted from [75].

Figure 17. 
Dielectric constant and dissipation factor as a function of temperature at various frequencies for the  
6FDA-based PIs containing three nitrile groups in different isomeric positions (a–c) and the nitrile-free  
analog, LaRC-CP2 (d). Data taken from [77].
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range, while the same nitrile-containing PIs increased from below 0.1% at −150°C 
to above 1% at 190°C between 10 Hz and 100 kHz. The temperature scan was lim-
ited to 190°C to avoid deforming the sample significantly. The investigators attrib-
uted the increase in dielectric constant with temperature at high frequencies to 
increased short-range segmental motion as the Tg was approached, which resulted 
in stronger dipolar polarization. However, since the ▬CN dipoles were attached to 
the polymer backbone in a 90° configuration, the segmental motion was hindered, 
causing friction with the neighboring chains and leading to high dissipation factor 
at high temperatures and frequencies. At low frequencies (<10 Hz), the increase 
in dielectric constant and dissipation factor with temperature was attributed to 
ions present from residual solvent and unreacted poly(amic acid) precursors in the 
35–50 μm thick samples.

The investigators also compared the structural effect of four dianhydrides on the 
dielectric properties of PIs with three ▬CN dipoles in the diamine unit. The four 
dianhydride monomers under study were 2,2-bis(phthalic anhydride)-1,1,1,3,3,3-
hexafluoroisopropane (6FDA), 4,4′-oxydiphthalic dianhydride (OPDA), 4,4′-ben-
zophenonetetracarboxylic dianhydride (BTDA), and pyromellitic dianhydride 
(PMDA). The chemical structures of these dianhydrides are shown in Figure 15. A 
comparison of the increase in dielectric constant (Δε) from −150 to +190°C shows 
that for the p,p-linkage, PMDA exhibited the largest increase (e.g. ~25% at 10 kHz 
from ~3.4 at −150°C), followed by OPDA (23% from ~3.3), 6FDA (16% from ~3.4), 
and finally BTDA with the lowest increase (10% from ~3.6 at 10 kHz at −150°C) 
(Figure 18a, c, and e). The values of Δε decreased with increasing frequency for 
all four PIs and followed a decreasing order PMDA > OPDA > 6FDA > BTDA, 
which agreed with the trends observed in the polarization from dipole orientation 
determined experimentally and predicted based on a freely rotating single-dipole 
model. This model assumes an anti-parallel configuration for the dianhydride and 
diamine dipoles, such that the net dipole moment of a repeat unit is the difference 
between the dianhydride and diamine dipole moments without an external electric 
field. PMDA, being a symmetrical dianhydride, has no net dipole moment, whereas 
BTDA has the largest dipole moment (2.96 Debye) as a result of the benzophenone 
functional group. The 1.14 D dipole moment of OPDA results from the diphenyl 
ether, and the 2.0 D dipole moment of 6FDA from the 1,1,1,3,3,3-hexafluoropro-
pane. The diamine portion has a dipole moment of 17.1 D which is the sum of three 
benzonitrile groups (4.18 D) and four diphenyl ethers (1.14 D). The largest Δε value 
for PMDA-based PI was accompanied by the highest dissipation factor relative to 
the other three PIs, but all four PIs had dissipation factor in the range of 3–8% at 
190°C between 1 and 100 kHz (Figure 18b, d, and f). The results suggest that the 
PMDA-based PI with p,p diamine linkage had greater chain flexibility, which led to 
larger dipole motion at 190°C. In comparison to the p,p-linkage, the m,m-linkage 
resulted in a smaller increase in dielectric constant and slightly lower dissipation 
factor at 190°C, although the trends with respect to the dianhydrides and frequency 
dependence were similar. In addition, the 6FDA-based PI with m,m-linkage shows 
a dielectric constant of 3.1, which is noticeably lower than the p,p-linkage (ε = 3.4) 
and other PIs (ε ~ 3.3 to 3.6) at −150°C.

In terms of discharge energy density and efficiency, as characterized by 
measuring electric displacement as a function of electric field, the nitrile-
containing PIs delivered 25–40% greater discharge energy density than the nitrile-
free analog at an applied electric field of 100 MV/m at 190°C and frequencies of 
10 Hz and 1 kHz (Figure 19a). For comparison, the investigators also evaluated 
Kapton® PI and Ultem® PEI, both of which gave similar discharge energy density 
to the nitrile-free PI. While the nitrile-containing PIs delivered more energy than 
the nitrile-free counterparts, their discharge efficiency was generally lower, as 
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Figure 18. 
(a, c, and e) increase in dielectric constant (Δε) from −150 to +190°C and (b, d, and f) dissipation factor 
at 190°C at various frequencies for PIs containing three nitrile groups per diamine with various dianhydride 
(labeled as 3–6) and different isomeric diamine linkage (denoted as a: p,p; b: m,m; c: m,p). 3–6 represent 
PMDA-based, OPDA-based, 6FDA-based, and BTDA-based, respectively. Data adapted from [77].

Figure 19. 
(a) Discharge energy density and (b) percent energy loss of various polyimides (PIs) at 100 MV/m at 
various temperatures and frequencies. PI-1 is nitrile-free 6FDA/m,m-APB (LaRC-CP2). Group 2 represents 
one nitrile group with OPDA. Groups 3–6 contain three nitrile groups with various dianhydrides labeled 
3 as PMDA, 4 OPDA, 5 6FDA, and 6 BTDA. Labels a–c denote p,p-, m,p-, and m,m diamine linkage, 
respectively, while K and U represent Kapton® PI and Ultem® PEI, respectively. Electrode area: 0.05 cm2. 
Data adapted from [77].
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shown in Figure 19b. The discharge energy losses for the nitrile-containing PIs 
were 15–40% compared to ~5% for the nitrile-free counterpart at 190°C at 10 Hz. 
Kapton® PI and Ultem® PEI exhibited 15–20% loss at that temperature and 
frequency.

With respect to the thermal properties, based on the limited glass transition 
temperature (Tg) data provided by the investigators, the addition of nitrile groups 
in the polymer backbone appears to increase Tg, but the enhancement decreased 
with increasing nitrile content, as indicated by the comparison of Tg for the seven 
6FDA-based PIs (Figure 20). The structure of the dianhydride also affects the Tg. 
The four PMDA-based nitrile-containing PIs appear to have the highest Tg values 
(300–350°C with high crystallinity), whereas the other three dianhydride families 
of 6FDA, BTDA, and OPDA were mostly amorphous with Tg values ranging from 
220 to 300°C. By comparison, these values were at least 20°C above that of the 
nitrile-free LaRC-CP2 (Tg = 200°C). Additionally, the PIs with m,m diamine linkage 
appeared to have lower Tg than those with a p,p linkage. This effect was attributed 
to the greater free volume created between polymer chains by the two bent amino 
groups in the m,m-linkage.

An ether (▬O▬) linkage is another polar moiety explored for the potential 
enhancement in dielectric constant of PIs [80, 81]. Jeffamines® EDR-104, D230 
and HK511 (Figure 21), which are commercial polyether aliphatic diamines, were 
used to introduce ether linkages into PIs. The rationale behind the use of linear 
alkyl diamines was to impart close-packing for reducing the overall free volume 
while maintaining a high density of the imide functional groups in the polymer 
backbone. For comparison, 1,3-diaminopropane (1,3-DAP) and 1,6-diaminohexane 
(1,6-DAH), were synthesized as ether-free PIs with commercial linear alkyl 
diamines. The dianhydrides used in the study were PDMA, BTDA, OPDA, and 
6FDA. Depending on the dianhydride, the PIs with diamine D230 exhibited 
dielectric constants of 2.5 for 6FDA and ~4.5 for the other three dianhyrides at 
room temperature and 1 kHz, while those containing diamine HK511, because of 
the greater ether content, produced higher dielectric constants (~5.3 for PMDA and 
6FDA, 6.2 for OPDA, and 7.8 for BTDA) (Figure 22a). Hence, the general trend 
for dielectric constant of the ether-containing PIs with respect to the dianhydrides 
followed the order BTDA ≥ OPDA > PMDA > 6FDA. The lowest dielectric constant 
of 2.5 observed in the PI with 6FDA/D230, was attributed to the weak electronic 
interaction between chains caused by the bulky CF3 groups, which disrupted close 

Figure 20. 
Glass transition temperatures of PIs prepared from various dianhydrides: PMDA, 6FDA, BTDA, OPDA, and 
APB diamine isomers containing 0, 1 or 3 benzonitrile (BN) groups. Data adapted from [75–77].
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packing. In comparison, the ether-free PIs, namely PMDA/1,3-DAP, BTDA/1,3-
DAP, and BTDA/1,6-DAH exhibited dielectric constants of 5.6, 4, and 3.6, 
respectively. While the dielectric constants at room temperature were frequency 
independent in the range from 0.1 Hz to 10 kHz; the dissipation factor of the ether-
containing PIs showed a strong frequency dependence with dielectric relaxation 
peaks of 1–2% occurring at 1 kHz and above, except for BTDA/D230 and OPDA/
D230, which remained below 1% at 10 kHz (Figure 22b). In terms of temperature 
dependence, the ether-containing PIs showed almost an order of magnitude 
increase in dissipation factor up to 1% at frequencies of 1 kHz and 10 kHz as the 
temperature approached their corresponding Tg (50–100°C) (Figure 23). The 
low Tg was attributed to free volume created by the methyl side groups in the two 
diamines, D230 and HK511. In comparison, the two ether-free PIs, BTDA/1,3-DAP 
and BTDA/1,6-DAH, which were prepared from linear alkyl diamines, showed Tg of 
175°C and 150°C, with crystal melting temperature of 271 and 234°C, respectively.

Another group of researchers utilized bipyridines and bipyrimidines, which 
are electron-rich diamines, to enhance the dielectric constant of PIs [82, 83]. 
The compounds of interest included 5,5′-bis(4-aminophenoxy)-2,2′-bipyridine 
(BPBPA) and 5,5′-bis(4-aminophenoxy)-2,2′-bipyrimidine (BAPBP) (Figure 24). 
The dianhydrides used in the study were BTDA, OPDA, PMDA, and BPDA 

Figure 21. 
Chemical structures of polyether aliphatic diamines: Jeffamines EDR-104, D230, and HK511, and linear alkyl 
diamines of 1,3-DAP and 1,6-DAH.

Figure 22. 
(a) Dielectric constant and (b) dissipation factor at room temperature as a function of frequency for various 
ether-containing PIs with A–D represent PMDA, BTDA, OPDA, and 6FDA, respectively, while 3 denotes D230 
polyether diamine and 4 is HK511. Figure reproduced from Figure 2 of [80] with permission from American 
Chemical Society.
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(3,3′,4,4′-biphenyltetracarboxylic dianhydride). The resulting PIs with BPBPA 
diamine possessed relatively high Tg, which differed depending on the dianhy-
dride unit, giving a decreasing order PMDA (320°C) > BTDA (296°C) > BPDA 
(285°C) > OPDA (275°C). Analogously, the PI containing BAPBP diamine and BPDA 
dianhydride showed a Tg of 291°C. The dielectric constants for the BPBPA-based PIs 
ranged from ~5.5 for the PMDA-based PI to ~6.9 for the BTDA-based at room tempera-
ture and frequencies from 1 to 100 kHz, following a decreasing order of BTDA > BPDA 
> OPDA > PMDA (Figure 25). At 220°C, the dielectric constants decreased about 
4% with the same decreasing trend with respect to the dianhydrides over the same 
frequency range. The dissipation factor for all the BPBPA-based PIs was below 4% at 
both room temperature and 220°C from 100 Hz to 100 kHz. For the BAPBP/BPDA PI, 
the dielectric response at room temperature was similar to that of the BPBPA analog.

The demand for even higher operating temperatures (~350°C) for avionics 
prompted researchers to develop new polymers with increased degrees of aromatic-
ity and heterocyclic rings in the polymer backbone. In the work by Venkat et al. 
[84], one of the polymers synthesized was a fluorinated polyimide based on 6FDA 
and a diamine of 2,2-bis(4-aminophenyl) hexafluoropropane grafted with ada-
mantane (ADE) ester pendant groups (Figure 26). The Tg of the PI-ADE is 305°C 
with a dielectric constant of 2.85–2.91 for the temperature range of 25–250°C at 
10 kHz while the dissipation factor increased from 0.6% at 25°C to 0.8% at 250°C 
(Figure 27).

Figure 23. 
Dissipation factor at (a) 1 kHz and (b) 10 kHz as a function of temperature for various ether-containing PIs 
(solid symbols) and an ether-free analog (inverted green triangle). Data adapted from [80, 81].

Figure 24. 
Chemical structures of (a) 5,5′-bis(4-aminophenoxy)-2,2′-bipyridine (BPBPA) and (b) 5,5′-bis 
(4-aminophenoxy)-2,2′-bipyrimidine (BAPBP), and (c) various dianhydrides.
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5. Outlook

Researchers have achieved some progress in developing polyimides for capacitor 
dielectrics targeted for operating temperature above 150°C, but there is still major 
room for improvement. There is a promising new strategy of combining polymer 
synthesis and computational techniques (e.g., computational quantum mechanics 
and molecular dynamics) to synergistically search the material space for polymers 

Figure 25. 
Dielectric constant and dissipation factor as a function of frequency for the BPBPA-based PIs with various 
dianhydrides at (a) room temperature and (b) 220°C. data adapted from [82] and supporting information.

Figure 26. 
Chemical structure of PI-ADE. Structures adapted from [84].

Figure 27. 
Capacitance (a) and dissipation factor (b) of PI-ADE as a function of temperature at 10 kHz. Data adapted 
from [84].
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with desirable material properties (dielectric constant, glass transition temperature, 
etc.) for capacitor applications. The ultimate goal is to develop synthesis 
pathways for polymers that are as close as possible to those “discovered” through 
computational methods [85–89]. The synergy comes in (i) directing the focus of 
synthesis and (ii) providing data which simplifies characterization of synthesized 
polymers through computation of likely crystalline structures (with relative energy 
differences), IR spectra, and NMR spectra. Work in this area is still relatively 
limited in that some critical properties cannot be estimated through computational 
methods, including thermal conductivity, dielectric breakdown field (other than 
intrinsic), and dielectric loss at frequencies of practical interest (in the kHz region). 
These deficiencies in the present state of the art result in the approach being 
somewhat “hit or miss,” but with greater guidance than conventional trial and error 
approaches. For example, a computational approach uncovered a new chemistry 
based on organotin esters that was subsequently synthesized and shown to provide 
greater dielectric constant than is normally available from organic polymers 
while maintaining a reasonable band gap [90]. This interplay between predictive 
modeling and synthetic chemistry will become increasingly productive with 
integration of additional material properties into the explored materials space, and 
polyimides will certainly be one material class of continued interest to researchers.

6. Concluding remarks

The use of power electronics in a growing list of high temperature and high 
voltage (>500 V) applications currently requires voltage derating and/or active 
cooling of capacitors with state of the art polymer dielectrics (such as BOPP). High 
temperature polymers such as polyimides offer promising advantages over the 
status quo by eliminating this need for voltage derating, easing thermal manage-
ment requirements, and providing a failsafe for HV applications. However, the lack 
of commercial interest in processing some polyimides or other specialty polymers 
as thin films for these comparatively niche polymer applications currently limits 
implementation of high temperature polymers.
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