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ABSTRACT: In this study, electron trapping phenomena in amorphous polymer electrets
were studied using a solid-state electron affinity analysis by means of molecular dynamics
simulations parametrized with ab initio calculations. Negatively charged amorphous systems
of a cyclic transparent optical polymer (CYTOP) with different end groups were reproduced
by molecular dynamics simulations parametrized by density functional theory analysis.
Quantum mechanical calculations were performed for electron trapping sites to determine
the electron affinity of an isolated molecule. The influence of the amorphous system
surrounding the trapping site was considered by accounting for electrostatic interactions with
surrounding molecules and multipole induction. A series of analyses were carried out to
mimic the conformational diversity of the amorphous system. The calculated solid-state
electron affinities were found to adopt a Gaussian-type distribution and were in good accordance with the experimental data for
surface potential and thermally stimulated discharge spectra, indicating the reliability of the present analysis for predicting the
charging performance of amorphous polymer electrets.

■ INTRODUCTION
An electret is a dielectric material with quasi-permanent
charges. The charges trapped in the material generate an
electrostatic field without an external voltage source.1

Dielectric materials can be charged by various methods
including corona ions and soft X-rays.1−3 In the past few
decades, electret-based applications have been developed, with
the most broadly used application being electro-acoustic
transducers4−6 such as an electret microphone. Another
application is the particle collector7,8 in which charged electrets
attract particles by their electrostatic potential. More recently,
electrets have played an important role in vibration-driven
energy harvesters (VEHs), which convert ambient kinetic
energy into electricity.9−11 For low vibration frequencies,
electret-based VEHs have outstanding potential as power
supplies for wireless sensor nodes or wearable devices that can
act as a substitutes for traditional batteries.12−14

The performance of electret-based devices is strongly
dependent on the characteristics of the electret material.
First of all, the surface potential of the electret determines the
output signal/power of the devices. The transduction efficiency
is proportional to the surface potential or surface potential
squared. In addition, the long-term stability of trapped charges
determines the lifetime of the device.1,12 Therefore, the
development of high-performance electrets is highly desired
for realizing practical electret-based devices.
Electret materials can be categorized into two groups:

polymer electrets (e.g., polyethylene, polytetrafluoroethylene,
Teflon AF, cyclic transparent optical polymer (CYTOP)) and
inorganic electrets (e.g., SiO2). Fluorinated polymer electrets
have desirable characteristics: hydrophobicity, chemical/

physical stability, and a relatively low process temperature
(<300 °C). Some high-performance fluorinated polymers have
been proven to stably store trapped charges for more than 20
years.1,15,16 For Teflon fluorinated ethylene propylene
(FEP),17 a surface potential of about 360 V was obtained for
a 12.5 μm-thick sample, corresponding to a surface charge
density of 0.54 mC m−2. For Teflon AF18 and fluorinated
polyimide 6FDA/6FDC,19 surface potentials of 367 (9 μm
thick, 0.28 mC m−2) and 450 V (50 μm-thick, 0.27 mC m−2)
were reported. Lo and Tai20 found that parylene-HT can
realize a high surface potential of 1380 V (7.3 μm thick, 3.69
mC m−2).
The CYTOP is an amorphous fluorinated polymer with

500−1000 repeat units of five-membered ring structures. It has
interesting characteristics distinct from other fluoropolymer
electrets, e.g., the charging performance is strongly dependent
on the end group, although the number of repeat units is much
greater than the number of end groups. There are three types
of CYTOPs with different end groups that are commercially
available: S-type with trifluoromethyl end groups, A-type with
carboxyl end groups, and M-type with amide-alkoxysilane end
groups. The surface potentials for 15 μm-thick samples are 250
V (0.25 mC m−2) for S-type, 850 V (0.85 mC m−2) for A-type,
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and 1300 V (1.3 mC m−2) for M-type.21 Sakane et al.22

improved the charging performance of CYTOP A-type by
introducing excessive aminosilane into it (CYTOP EGG).
They achieved a very high surface potential of 2000 V with 15
μm-thick films (2.0 mC m−2). Later, Kashiwagi et al.23

attributed the enhancement of the charging performance to
aminosilane-based nanoclusters formed in the film during
thermal curing. Recently, a practical rotational electret energy
harvester was developed with CYTOP EGG.24 A 15 μm-thick
electret was charged to 850 V, achieving an 80 μW output
obtained from an arm swing motion during human walking
(height: 1.76 m, weight: 71 kg) at 1.45 m s−1.
Although various fluorinated polymer electrets have been

proposed, they were discovered by experiments based on
empirical approaches because little quantitative knowledge is
available for the charge trapping mechanisms. Based on a band
gap model,25,26 one can assume that many charge traps with
different energy depths would exist in dielectric materials. The
distribution of such a trap depth forms a density of state, which
defines the charge trapping phenomenon for the system.
Charges stored in deep traps should remain secure, while those
captured in shallow traps can easily be released. However,
these previous concepts do not provide any reliable insights for
designing new electrets with higher performance.
Since the early 2000s, quantum chemical analysis has been

utilized to analyze charge trapping in polymer materials for
electrical insulation. Meunier et al.27,28 investigated poly-
ethylene (PE) by calculating the electron affinity of chemical
species in bulk PE. They found that the PE chain itself has
negative electron affinity; hence, it is naturally electrophobic.
Electrons introduced into the system may easily move to a low
volumetric density region or chemical oddity. Therefore,
electron traps in PE strongly depend on its morphology or
impurities. Wang et al.29 and Saiz et al.30 explored the
morphologies of PE (e.g., lamellar, crystalline, and amorphous)
to study the mobility and location of trapped electrons in PE.
Takada et al.31 analyzed PE, ethylene-tetra-fluoro-ethylene
(ETFE), poly-tetra-fluoro-ethylene (PTFE), and polyimide,
focusing on their intermolecular structures. They showed that
the chemical specificity can cause intermolecular charge
localization and create trap sites.
In our previous study, we first adopted quantum chemical

analysis to study electron trapping phenomena in amorphous
fluorinated polymer electrets.32 The energy of the orbital
where the electron was trapped was selected as the electron
affinity based on Koopman’s theorem.33,34 The CYTOP with
three different end groups was analyzed. The electron affinity
was obtained by long-range corrected density functional theory
(DFT) for tetramer molecules with the end groups in vacuum.
It was found that electrons trapped in the CYTOP are localized
at the end groups, showing that the end group serves as the
trap sites. However, it was also found that the simulated
electron affinities were considerably overestimated; the
electron affinity of CYTOP S-type directly measured by low-
energy inverse photoelectron spectroscopy (LEIPS) is 3.6 eV,
which is considerably lower than the simulated electron affinity
(4.39 eV). This discrepancy seems to stem from the following
reasons: (i) in real polymer systems, structural transformation
of a molecule is interfered with other surrounding molecules,
and thus, the molecule cannot freely relax its geometry to the
ground-state structure for a given electronic state. (ii) A
molecule naturally has electrostatic potential and interacts with
the electrostatic field formed by the neighboring molecules.

The energy shift of the molecule due to the electrostatic
interaction was neglected in the single-molecule analysis. (iii)
Only one tetramer molecule was analyzed for each case, and
thus, structural diversity in real systems was not well
represented.
In the present study, we aimed to perform a proper

evaluation of electron affinity of the CYTOP by the solid-state
analysis. Molecular systems of S-type, A-type, and M-type with
a molecular weight of approximately 300,000 were generated
to mimic the amorphous polymer system. The solid-state
electron affinity was obtained by considering electrostatic
multipole interaction with surrounding molecules and the
electron trapping site. The density of states for electron affinity
was computed by considering the morphological diversity of
polymeric systems.

■ THEORETICAL METHOD
The amorphous polymer CYTOP is analyzed by molecular
dynamics simulations, quantum mechanical calculations, and
multipole analysis. Quantum mechanical calculations are a
potent tool for analyzing the electronic states of molecules.
However, its computational cost increases exponentially with
the number of atoms in the system so that it is too expensive to
analyze the whole amorphous system. Instead, because
electron trapping sites of CYTOP electrets are mainly localized
at end groups,32 we can split the CYTOP molecule (∼1080
repeat units) into a hexamer with an end group for
representing the electron trap site and other hexamers distant
from the end group, as explained below.
The electron affinity is used to evaluate the electron trap

energy in the CYTOP. Among different definitions of
molecular electron affinity,35 we have chosen the vertical
electron affinity of detachment, corresponding to the energy
necessary for removing a trapped electron, as given in eq 1.

= −U g e s n U g e s eEA ( ( ), ( )) ( ( ), ( ))vd (1)

Here, U(g(x), s(x)) is the energy of the molecule in the
electronic state s(x) (x = n for a neutral state, x = e for a
negatively charged state) and the equilibrated geometry g(x).
The geometry is kept at the negatively charged state because
structural relaxation of the electron trap site before/after
electron detachment is suppressed by the molecules surround-
ing the trap site. The subscript vd in EAvd will be omitted, and
the energy for the equilibrated anionic geometry U(g(e), s(x))
will be shortened to U(x) below for simplicity.
The solid-state energy of a trap site is calculated as36

= + +U U U Usol qm elec ind (2)

where Uqm is the quantum mechanical energy of an electron
trap site, Uelec is the electrostatic energy shift due to the
surrounding molecules, and Uind is a compensation term for
multipole induction expressed as a second-order energy
correction of the Hamiltonian. Uqm is computed by DFT
calculation with the CAM-B3LYP functional37−40 and 6-
31+G(d,p) basis set using Gaussian09.41 Uelec can be obtained
by treating the external field generated by the surrounding
molecules as a perturbation term in the molecular Hamil-
tonian. Using the spherical harmonic addition theorem, the
electrostatic interaction between molecules can be expressed
by multipole−multipole interactions.36,42 For Uind, the
distributed multipole analysis (DMA) approach43 is employed
to convert the quantum mechanical electron density matrix
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into the multipole moments. The electron density obtained by
DFT calculation is converted to multipoles of rank 0−4 by the
GDMA program.43,44 To make the charge distribution reflect
the characteristics of the quantum mechanical wave function,
Thole’s model45,46 is adopted with a = 0.39 as the smearing
exponent, referring to the AMOEBA force field.47,48 These two
terms are computed by the algorithm built into VOTCA-
CTP.49 When we compute eq 1 using only the quantum
mechanical energy of an electron trap site molecule Uqm, the
single molecular electron affinity (EAqm) is obtained. The
solid-state electron affinity (EAsol) is retrieved from the net
energy Usol.
Figure 1 displays the chemical structure of the CYTOP

series (AGC Co. Ltd.). Each repeat unit has a perfluorinated

pentagonal ring structure. A single CYTOP polymer chain
consists of about 540 repeat units (CYTOP CTL) or 1080
repeat units (CYTOP CTX). Two functional groups are
attached at both ends: trifluoromethyl groups (S-type),
carboxylic groups (A-type), and amide-alkoxysilane groups
(M-type). Preliminary DFT calculations are performed to
properly model the amorphous polymer electret system. The
structure of the polymer and its length are carefully examined.
We found that six units (hexamer) can represent the electron
trap in the polymer chain within a 2% error with reasonable
calculation costs. Thus, the hexamer is employed for further
analysis. Details can be found in the Supporting Information.
Figure 2 shows the distribution of trapped electrons in CTX-S,
CTX-A, and CTX-M hexamer molecules, visualized with
GaussView.50 For CTX-S, the electron is not localized and
easily moves to the other repeat unit when the structure is
deformed. On the other hand, the electron trapped in CTX-A
and CTX-M is localized near the carboxyl and amide groups,
respectively.
To construct a CYTOP CTX system, 90 hexamers are used.

One out of 90 is the hexamer with the functional group of
interest (trifluoromethyl, carboxyl, or amide-alkoxysilane) at
one end and a trifluoromethyl group at the other end. This
hexamer will be considered as the electron trap site. The other
89 hexamers have trifluoromethyl end groups at both sides.
These hexamers represent the CYTOP polymer chain
surrounding the electron trap site. With these 90 hexamers,
the ratio of the repeat units to the end groups in the system
roughly corresponds to that of the real CYTOP CTX system
(about 1:540).
With 90 molecules thus prepared, amorphous polymer

systems are constructed by molecular dynamics (MD)
simulations with GROMACS.51 Force field parameters are
carefully chosen from the optimized potentials for liquid
simulations (OPLS) force field.52,53 Unknown parameters are
fitted using the preliminary quantum mechanical analysis.
Details of the MD force field preparation are described in the
Supporting Information.

To achieve an amorphous morphology of the CYTOP in the
electrically neutral state, the system is first heated to 800 K
with the fixed particle number, volume, and temperature
(NVT) condition. The molecules are randomly mixed, and
1000 patterns with identical initial geometries are prepared.
Second, the system experiences the annealing process with a
constant particle number, pressure, and temperature (NPT).
After the temperature was ramped down from 800 to 300 K
within 2 ns, the temperature was fixed at 300 K for 1 ns in the
NVT condition. The force field parameters for the electron
trap site are then updated to the negatively charged one, and
an NVT simulation at 300 K is performed for 2 ns. The
geometry of the electron trap site transforms to the equilibrium
geometry of the anionic state while acknowledging the
influence of the surrounding molecules (Figure 3). In total,
1000 negatively charged amorphous CYTOP systems with
different initial conditions are computed. The average density
of the system is shown in Table 1. The discrepancy between
the simulated results and the measurement data (2.03 g cm−3)
is less than 5%. It is noted that this difference mainly originates

Figure 1. Chemical structure of CYTOP; CTX-S, CTX-A, and CTX-
M have different end groups.

Figure 2. Visualized distribution of the trapped electron in hexamer
molecules. (a) CTX-S, (b) CTX-A, and (c) CTX-M. Red and green
meshes are positive and negative orbital lobes (gray: carbon, red:
oxygen, white: hydrogen, cyan: fluorine, blue: nitrogen).
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from the shortened chain length; the simulated density slowly
increases with the number of repeat units (not shown).

■ RESULTS AND DISCUSSION
With the geometries obtained, Uqm, Uelec, and Uind are
computed. The single molecular energy Uqm calculation is
performed for the electron trap site of 1000 systems to obtain
the single-molecule electron affinity EAqm = {Uqm(n) −
Uqm(e)}. The trap site molecule is taken from other molecules
and placed in vacuum while maintaining its structure. A single-
point DFT calculation is then performed. Figure 4 shows the
probability density function for EAqm. The mean values of the
Gaussian-like distributions are 4.15 (CTX-M), 3.50 (CTX-A),
and 2.99 eV (CTX-S). The order of the mean values (CTX-M
> CTX-A > CTX-S) is in qualitative agreement with our
previous analysis.32 The differences of the mean values are

more than 0.5 eV, showing significant influence of the end
group on the trap energy.
Electrostatic influence on the trap energy is then considered.

In Figure 5a, the probability density function for the
electrostatic energy shift neglecting multipole induction EAelec
= {Uelec(n) − Uelec(e)} is shown. When the multipole
induction is neglected, the electron affinity shift for the three
different cases shows similar distributions. This is because the
electrostatic influence from the surrounding molecules is
similar when the backbone molecules are the same. Figure 5b
shows the electrostatic energy shift considering the multipole
induction EAelec_ind = [{Uelec(n) + Uind(n)} − {Uelec(e) +
Uind(e)}]. The distributions also have Gaussian-like forms. On
the other hand, when both terms are considered, the mean
values are shifted as much as 0.6 eV. Also, the distributions
become broadened for CTX-S and CTX-A.
Finally, the density of states for solid-state electron affinity

defined as EAsol = {Usol(n) − Usol(e)} is shown in Figure 6.
The order of the mean values in Figure 6 is the same as in
Figure 4, but there are shifts in the electron affinity as large as
0.4 eV. Table 2 summarizes the computational results. It is
noted that, with the present solid-state analysis, the electron
affinity is 3.4 eV for CTX-S, which is in good agreement with
our experimental data using an LEIPS (low energy inverse
photoemission spectroscopy) value of 3.6 eV32 within the
uncertainties of the simulation results and the experimental
data (Table 3).
Figure 7 shows the open-circuit thermally stimulated

discharge (TSD) spectra obtained for 15 μm-thick films of
CTX-S, CTX-A, and CTX-M. In TSD, the temperature of the
electret sample is linearly ramped up, and the leakage current is
measured in real time. The sample is charged to a surface
potential of about 1 kV by soft X-rays before experiments. The
ramp-up speed is 1 °C min−1. When the molecular structure is
rigid until discharge, the release of the trapped charge carriers
is induced solely by the thermal energy. On the other hand,
when the structural relaxation takes place before discharge, the
mobile chain segments shake off electrons (wet dog effect)
even when the introduced thermal energy is lower than the
charge trap energy.55−57 The wet dog effect can also be
explained from the viewpoint of quantum mechanics; the trap
energy changes when the geometry is changed. When the
temperature becomes higher than the glass transition temper-
ature (Tg), the molecular structure will change, leading to
lowering of the electron affinity and then to releasing trapped
charges.
Because Tg for the CYTOP (108 °C) is lower than the peak

temperature for TSD, the TSD data only give qualitative
information on the thermal stability of charges. Still, the peak
temperature can be used as the index of thermal stability of
trapped charges. It is because the order of the peak position in
TSD (CTX-M > CTX-A > CTX-S) is in qualitative agreement
with the mean value of electron affinity distributions, as shown
in Table 2.
It is noted that photoinduced detrapping measurements

(PSD)56−58 should be a useful tool to measure the charge trap
energy of high electron affinity polymers. In PSD, an electret is
irradiated with UV photons for discharging the trapped charges
while maintaining the polymer temperature. Direct comparison
between the present simulation results and the PSD data will
be reported elsewhere.
It is emphasized that the electron trap energy can be

estimated with the present simulation for solid-state electron

Figure 3. Snapshot of the amorphous morphology of CTX-A
generated in the present study. A red molecule is the hexamer with
a carboxyl end, representing the part of the polymer chain connected
to the end group. Gray hexamers with trifluoromethyl ends
embodying repeat units not connected to the end group. The box
size is approximately 5.1 nm in each direction. The system is
visualized by VMD.54

Table 1. Average Density of Generate Amorphous Systems

CTX-S CTX-A CTX-M

ρcalc [g cm−3] 1.95 1.93 1.93

Figure 4. Density of states for the single-molecule electron affinity
defined by EAqm = {Uqm(n) − Uqm(e)}.
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affinity. Without labor-intensive chemical synthesis and
charging performance evaluation experiments, we can examine
new electret material candidates efficiently and develop a
strategy for improving charging performance. Because the

computational load for solid-state analysis is high, single-
molecule electron affinity analysis is still useful for initial
screening of candidates and identifying the charge trap site.
After screening, the present solid-state analysis should be
performed for more precise evaluation to propose new polymer
electret materials.

■ CONCLUSIONS
In this study, for the first time, we performed solid-state
electron affinity analysis of polymer electrets. An amorphous
morphology of the CYTOP system is prepared by parameter-
fitted molecular dynamics simulations. The quantum mechan-
ical energy for the electron trap site and electrostatic energy
shift due to surrounding molecules are considered, while the
diversity of molecule conformations is taken into account. The
simulated solid-state vertical electron affinity for CTX-S is in
good agreement with the electron affinity measured with
LEIPS, showing that the present method can properly evaluate
electron traps in amorphous polymer electrets. In addition, it is
found that the simulated electron affinities for the CYTOP
with different end groups are in qualitative agreement with our
experimental data using thermally stimulated discharge,
indicating the predictive power of the present solid-state
analysis for designing a new amorphous polymer electret.
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Figure 5. Density of states of the electron affinity shift by the electrostatic interaction from surrounding molecules: (a) EAelec = {Uelec(n) −
Uelec(e)} and (b) EAelec_ind = [{Uelec(n) + Uind(n)} − {Uelec(e) + Uind(e)}].

Figure 6. Density of states of the solid-state electron affinity defined
by EAsol = {Usol(n) − Usol(e)}.

Table 2. Distribution Profiles for the Density of Statea

CTX-S CTX-A CTX-M

μqm 2.99 3.50 4.15
σqm 0.342 0.460 0.349
μshift 0.407 0.432 0.399
σshift 0.307 0.218 0.221
μsol 3.40 3.94 4.57
σsol 0.397 0.465 0.390

aμ is the mean value, and σ is the standard deviation (unit: eV).

Table 3. Comparison of the Electron Affinity of CTX-S
Obtained from the Energy of the Electron-Trapped Orbital
Using Koopman’s Theorem,32 the Present Single Molecular
and Solid-State Analysis, and LEIPS Measurement32

method
Koopman’s
theorem32

single molecular
analysis (present)

solid-state
analysis
(present)

LEIPS
measurement32

EA
[eV]

4.39 2.99 3.4 3.6 (±0.2)

Figure 7. Normalized TSD curves. The peak temperatures are 134
(CTX-S), 144 (CTX-A), and 169 °C (CTX-M). The original curve is
taken from Kim et al.32
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