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Abstract

Main-chain dipolar glass polymers such as aromatic nylons are promising for high energy
density and low loss dielectric applications because of the limited, non-cooperative oscillation of
highly dipolar amide groups. However, quenched aromatic nylons have been reported to exhibit
significant ferroelectric switching upon high field poling. It is desirable to suppress ferroelectric
switching for electric energy storage application, and this requires a fundamental understanding of
the nature of ferroelectric behavior in dipolar glass nylons. In this work, a nearly 100% amorphous
aromatic nylon, Selar, was used to investigate the origin of ferroelectricity in glassy nylons. Using
Fourier transform infrared spectroscopy, it was found that hydrogen-bonding strength played an
important role in the ferroelectric switching of amide dipoles in the loosely packed glassy matrix.
When hydrogen-bonding was weak such as in the quenched film, significant ferroelectric
switching took place. In contrast, quenched and annealed films did not exhibit any ferroelectric
switching. High-voltage broadband dielectric spectroscopy was used to study molecular and
segmental motions in Selar. It was observed that the primary contribution to ferroelectric
switching came from cooperative segmental motions (i.e., a combination of various sub-Tg
relaxations, where Ty is the glass transition temperature) in the main-chain dipolar glass nylon.
This understanding will help us design new aromatic nylons with suppressed segmental motions

for high energy density and low loss dielectric applications.
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Introduction
High dielectric constant (¢;) and low loss dielectric polymers are attractive for advanced
electrical and power applications, such as electric energy storage (i.e., film capacitors),!”

5 and electrostrictive polymers®), and

electromechanical actuation (i.e., dielectric elastomers®
electrocaloric cooling.”® From recent studies," ' enhanced dielectric constant for polymers can
be realized by utilizing orientational (or dipolar) polarization from dipolar groups, such as nitrile
(3.9 D), sulfone (4.5 D), amide (3.7 D), urea (4.5 D), and thiourea (4.89 D) groups. According to
different dipole-dipole and domain-domain interactions, dipolar polymers can be categorized into
four types; normal ferroelectric, relaxor ferroelectric, paraelectric, and dipolar glass polymers.'?
Among these, a promising candidate is the dipolar glass polymer, where weakly interacting dipolar
groups are confined in the glassy polymer matrix."*!! It is the free volume that permits dipole
mobility below the glass transition temperature (Tg, i.¢., sub-Tj transitions).'? Since the long-range
segmental motion of polymer chains is largely frozen below T, ionic and electronic conduction
losses can be significantly reduced.!! 1

Two sub-categories have been observed for dipolar glass polymers. The first involves
polymers with nearly 180°-rotation of side-chain dipolar groups such as cyanoethyl (or
cyanomethyl)!*'7 and methylsulfonyl groups.!! High dielectric constants in the range of 4-15 have
been reported for these polymers below T,. Current research efforts are dedicated to achieving
low dielectric loss (e.g., dissipation factor, tand <0.01) within a broad temperature window.
Namely, the sub-Ty transition should take place at a low enough temperature (< -50 °C), and the
T, should be high (>200 °C)."® The second sub-category involves main-chain polymers with
limited, non-cooperative oscillation of strongly dipolar groups in the main chain.'® Sometimes, it

is difficult to differentiate the dipolar oscillation from the infrared vibration, which actually



belongs to the atomic or vibrational polarization.* An example is the all-aromatic polythiourea
with a large dipole moment per repeat unit.>!>* The dielectric constants for these polythioureas
are lower than those for the first sub-category polymers, only about 4-6, due to the small-amplitude
oscillation of dipolar groups. However, the dielectric loss can be rather low for these polythioureas.
Under a high poling electric field of 1 GV/m, the energy density can reach as high as ~22 J/cm?.?!

In this work, we explore the opportunity of aromatic polyamides (PAs or nylons) as an
alternative to aromatic polythioureas, because many aromatic nylons are commercially available,
e.g., MXD and Selar.?® Nylon MXDs are synthesized from m-xylylenediamine and aliphatic
dicarboxylic acids with methylene numbers varying from 6 to 13. Most MXDs are amorphous
upon quenching from the melt, but become semicrystalline after annealing at high temperatures.
Selar, usually an amorphous copolymer, is prepared from hexamethylenediamine (HMD) and a
combination of isophthalic acid (I) and terephthalic acid (T). In literature reports, Selar was also
named as copolymer 61/T (where 6 means HMD).?” When the I/T composition is 70/30 mol./mol.,
Selar is nearly 100% amorphous with a T around 129 °C. However, amorphous MXDs and Selar
nylons (and also alicyclic nylons) have been reported to show ferroelectric switching behavior

with broad hysteresis loops.?”°

Although the ferroelectric switching is attributed to the
amorphous dipoles in the glassy polymer matrix,*! its detailed mechanism has not been clearly
understood.

Recent studies demonstrate that the ferroelectric switching in aliphatic n-nylons originates
primarily from the mesomorphic crystalline structure in the melt-quenched polymer,** rather than

from the pure amorphous phase as reported before,>*-3

regardless of odd- or even-numbered n-
nylons. This observation for aliphatic #n-nylons seems to contradict the report of ferroelectric

behavior in glassy aromatic (and alicyclic) nylons. Because ferroelectric switching is not desired



for electric energy storage applications, it is important for us to understand the underlying
mechanism of ferroelectric switching in glassy aromatic nylons and to suppress it as much as
possible. Otherwise, it would be very difficult to develop viable aromatic polyamide alternatives

for the high energy density and low loss aromatic polythioureas.

Experimental Section

Materials. Selar resin was purchased from DuPont (Wilmington, DE). Nylon-12 and
nylon-6 resins were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Nylon-11 resin
(Arkema Rilsan® Besno TL) was purchased from PolyOne (Avon Lake, OH, U.S.A.). All nylons
were used as received without further purification, except for thorough drying in a vacuum oven
at 70 °C for 3 days before hot-pressing and dielectric property characterization.

Film Fabrication and Processing. Five types of film samples were fabricated for this
study. (1) Quenched (Q) samples. Sandwiched with aluminum foils, Selar was heated at 250 °C
and n-nylon samples were melted at a temperature about 30-40 °C above their melting
temperatures (Tm, i.e., 210 °C for nylon-11 and nylon-12, and 250 °C for nylon-6). During hot-
pressing, a compression force of 10 tons was applied, and sample thickness was controlled to be
approximately 20-25 pm. After hot-pressing, the aluminum foil-sandwiched samples were
immediately quenched into an isopropanol/dry ice bath (about -78 °C). (2) Quenched and annealed
(QA) samples. For n-nylons, the Q samples were annealed at 140 °C for 12 h in a vacuum oven
to obtain the most stable crystalline forms. The Q Selar sample was annealed at 110 °C for
different lengths of time: 1 h (QA-1h), 3 h (QA-3h), 6 h (QA-6h), 12 h (QA-12h), 24 h (QA-24h),
and 72h (QA-72h). (3) Quenched and stretched (QS) samples. The Q nylon samples were

uniaxially stretched at RT to an extension ratio of ca. 300%, using a home-built stretching



apparatus. (4) Quenched, stretched, and annealed (QSA) samples. The QS Selar samples were
annealed in a vacuum oven at 110 °C for 12 h. (5) Solution-cast and annealed (CA) samples. Selar
was dissolved in redistilled trifluoroethanol (TFE). The film was cast onto a glass slide substrate,
which was pre-coated with gold as the bottom electrode. The thickness of the CA film varied from
3 to 8 um, depending on the concentration of the solution (25-50 mg/mL). The CA film was dried
in air for about 4 h, followed by annealing at 110 °C in a vacuum oven for additional 72 h.
Instrumentation and Characterization. Fourier transform infrared (FTIR) spectra were
recorded using a Nicolet iISSOR FTIR spectrometer (Thermo Fisher Scientific, Waltham, MA) in

! with 64 scans. Differential scanning

the transmission mode. The scan resolution was 2 cm’
calorimetry (DSC) was performed using a TA Instruments Q2000 DSC at a scanning rate of
10 °C/min. Around 1.5 mg of samples were used in DSC to avoid any thermal lag.

Two-dimensional (2D) wide-angle X-ray diffraction (WAXD) measurements were carried
out using a Rigaku MacroMax 002" equipped with a Confocal Max-Flux® optic and a microfocus
X-ray tube source operating at 45 kV and 0.88 mA. The X-ray wavelength was 0.1542 nm (Cu
Ka). The WAXD patterns were collected using a Fujifilm image plate scanned by a Fujifilm FLA-
7000 scanner at a resolution of 50 pm/pixel. The sample-to-detector distance was calibrated using
silver behenate, whose first order reflection is located at the scattering vector (¢g) of 1.076 nm™ [¢
= (4nsinB)/A with 0 being the half scattering angle]. One-dimensional (1D) WAXD curves were
obtained by integrating the corresponding 2D WAXD patterns using the Polar software developed
by Stonybrook Technology and Applied Research, Inc.

Electric displacement-electric field (D-E) loop measurements were performed using a

Premiere II ferroelectric tester (Radiant Technologies, Inc., Albuquerque, NM) in combination

with a Trek 10/10B-HS high-voltage amplifier (0-10 kV AC, Lockport, NY). The applied voltage



had a bipolar sinusoidal or triangular waveform in the frequency range of 10-1000 Hz. Gold (Au)
electrodes (2.4 mm diameter and ca. 10 nm thick) were evaporated onto both sides of the film
sample using an EvoVac Deposition System (Angstrom Engineering, Inc., Kitchener, ON,
Canada). The metallized films were immersed in silicone oil (Fisher 460-M3001) during D-E loop
testing to avoid corona discharge. The temperature was controlled by an IKA RCT temperature
controller (Wilmington, NC). A home-built sample fixture with high-voltage cables was used to
connect the electrodes on the films to the interface of Radiant ferroelectric tester.
Temperature-scan broadband dielectric spectroscopy (BDS) measurements were
performed using a Novocontrol Concept 80 dielectric spectrometer with the frequency ranging
from 0.01 to 10° Hz and the temperature ranging from -150 to 140 °C at 1.0 Vims (i.e., root-mean-
square voltage). High voltage BDS (HV-BDS) measurements were performed on a Novocontrol
Concept 80 broadband dielectric spectrometer with a high-voltage interface, HVB4000. The
interface could provide up to £2000 (peak-to-peak) Vac with the frequency up to 10* Hz. Samples
were heated at 0.3 °C/min. Meanwhile, the frequency was scanned between 10 and 10* Hz and

the electric field scanned from 3.2 to 33.2 MV/m.

Results and Discussion

Comments on Ferroelectric Behavior in Aliphatic Nylons. Before discussing the nature
of ferroelectric switching in glassy aromatic nylons, it is necessary to review the ferroelectric
behavior in aliphatic nylons. First, using a common cooling/quenching process (i.e., a cooling rate
<300 °C/min), it is not possible to quench n#-nylons into a complete amorphous phase.’”-*® Instead,
they exhibit a mesomorphic crystalline phase with relatively low crystallinity (ca. 20-25 wt.%).3>

3940 In this mesophase, the aligned chains have a highly twisted chain conformation. Amide



groups from neighboring chains organize into a smectic-like structure with disordered hydrogen
bonds, and thus the hydrogen-bonding interaction is weak. The mesophase is so poor that WAXD
only shows an amorphous halo-like broad scattering at high scattering vector ¢ of ~14.7 nm™ and

!. Especially for mesomorphic (i.e., quenched) nylon-6,

a smectic reflection at low g of 4-8 nm"
the low ¢ reflection was rather weak.>> Such a WAXD profile was easily mistaken as the one from
100% amorphous nylons;**-*® however, this is incorrect, because if the quenched n-nylons are
completely amorphous, the smectic reflection around 4-8 nm™' should not show.

Second, the mesophase in quenched n-nylons enables the dynamic, field-induced
ferroelectric behavior because of weakened hydrogen-bonding, whether in odd- or even-numbered
n-nylons. Therefore, polar crystalline structure is not a prerequisite for ferroelectricity in aliphatic
nylons. However, there is an obvious difference between odd- and even-numbered nylons.
Mesomorphic crystals in odd-numbered nylons favor the formation of ferroelectric domains,
which continue to grow larger upon extended electric poling, resulting in broad D-E hysteresis
loops. These field-induced ferroelectric domains are very stable and the Curie transition is above
the Tr,. Mesomorphic crystals in even-numbered nylons disfavor the formation of ferroelectric
domains, because polymer chains need to be twisted more by the poling field in order to align
neighboring amide bonds in the same direction to form ferroelectric domains. As a result, only
transient (or short-lived) domains form and relatively narrow D-E hysteresis loops are obtained at
room temperature (RT).

Third, further studies demonstrate that the mesomorphic structure is not the main enabler
for ferroelectric switching of amide dipoles in aliphatic nylons. Instead, it should be the weakened
hydrogen-bonding interactions in the mesophase. For example, only 5 min annealing at 100 °C of

the mesomorphic/quenched n-nylon samples led to significant suppression of the ferroelectric



switching.** Given such a short annealing time, no significant structural changes are observed by
WAXD and FTIR; however, hydrogen-bonding strength in the mesophase must have enhanced to
suppress the ferroelectric switching. Strong hydrogen-bonding interactions also account for the
non-ferroelectric behavior of well-annealed nylon crystals, including the a-form in odd-numbered
nylons and the y-form in even-numbered nylons (note that the a- and y-forms can coexist in nylon-
6 with the a-form being slightly more stable).>* 4! From the above studies, the amorphous phase
in aliphatic nylons was considered as paraelectric, and the ferroelectric switching originated

primarily from the mesomorphic crystalline phase.*?
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Figure 1. Room temperature 2D WAXD patterns and 1D WAXD profiles for (A) Q and QA-3h
and (B) QS and QSA Selar films at room temperature.



Ferroelectric Behavior in Nearly 100% Amorphous Aromatic Nylons. In this study,
Selar was chosen to study ferroelectric switching in glassy aromatic nylons, because unlike MXDs,
Selar could remain largely amorphous even after high temperature annealing. Four samples were
prepared; i) Q, ii) QA, iii) QS, and iv) QSA Selar films. The 2D WAXD patterns and the
corresponding 1D WAXD profiles are shown in Figure 1. Although Selar was often reported as
100% amorphous in the past,?”-?° our WAXD result showed that both Q and QA Selar films were
not 100% amorphous. In addition to the amorphous halo at 14.5 nm™!, a weak reflection was found

I, This WAXD profile is fairly similar to that for quenched nylon-6.%

at a low g around 6.0 nm
After stretching, the QS (and the QSA) Selar film exhibited a horizontal streak-like reflection at a
low ¢ of 5.5 nm™! and an oriented amorphous halo around 14.5 nm™! (see the top right panel of
Figure 1). From these WAXD results, the low g reflection could be attributed to the smectic-like
organization of amide groups in the crystalline phase. The horizontal streak-like reflection in 2D
WAXD patterns indicated that there was certain fluctuation of the smectic-like stacking along the
drawing direction. Similar horizontal streak-like reflection was also observed for oriented
poly(vinyl alcohol)/iodine complex crystals, where the I3™ ions had a poor registry in the direction
perpendicular to the drawing direction.*> Because of this horizontal streak-like reflection, the 1D
WAXD profile did not show a well-defined peak for the smectic-like stacking. Instead, a stepwise
peak was observed in Figure 1. Given the broad reflection at 14.5 nm!, the Selar crystals were
probably in the mesomorphic phase, and then the low g peak was assigned as the (001) reflection
(i.e., the chain direction). In addition, DSC of Selar showed a fairly weak melting peak around
250 °C for Selar.*® From both WAXD and literature DSC results, we estimate that Selar should

have a rather low crystallinity of only a few percent (note that an accurate determination of

crystallinity was impossible because the heat of fusion for the perfect crystal is unknown). If the
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I/T composition was changed to 35/65 mol./mol., the nylon copolymer became semicrystalline
with a Ty, around 330 °C.** Therefore, the crystallinity in the 6I/T copolymers should originate
from 6T sequences. For the following ferroelectric study, Q and QA Selar samples were used,
because QS and QSA films were found to significantly shrink after several times of ferroelectric
switching cycles by high poling fields (note that even when both ends were fixed during thermal
annealing, film shrinkage still happened after bipolar poling). We consider that stretching
enhanced chain orientation for easier dipole switching, which increased heat generation when

amorphous dipoles and domains were switched back and forth by the high poling field.
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Figure 2. (A-B) Continuous bipolar D-E loops (5 loops for each run) at room temperature for (A)
Q and (B) QA-1h Selar films under different electric fields; 100, 200, 250, and 275 MV/m. The
poling frequency was 10 Hz with a sinusoidal waveform. For the Q film at 275 MV/m, six sets of
five (6x5) continuous loops were applied. The time interval between two consecutive runs was
ca. 30 s. (C) Apparent & at 100 MV/m and hysteresis loop loss% at 275 MV/m as a function of
annealing time for various QA Selar films. (D) Unipolar D-E loops at room temperature for the
CA-72h Selar film under different poling fields. The poling frequency was 100 Hz with a
triangular waveform.
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The ferroelectric behavior for the Q Selar film was first studied using bipolar D-E loop
tests at RT. For each bipolar poling, five continuous loops were performed to show the progress
toward the steady state. The time interval between consecutive runs was ca. 30 s (i.e., the time for
the Radiant tester to setup the next run). Figure 2A shows D-E loops for the Q Selar film under
different poling fields at RT. When the poling field was below 250 MV/m, only linear loops were
observed, although the loops gradually opened up as the maximum poling field increased. When
the maximum poling field increased to 275 MV/m, ferroelectric switching started to develop and
eventually became significant after 30 (i.e., 6x5) loops (see Figure 2A). Note that steady state and
dipole saturation were not reached even after 30 loops at 275 MV/m and 10 Hz.

After annealing the Q film at 110 °C for just 1 h, the QA-1h Selar film exhibited linear D-
E loops up to 275 MV/m (Figure 2B), indicating dramatic suppression of the ferroelectric
switching. With further annealing at 110 °C up to 72 h, the D-E loops became increasingly
slimmer (see Figure S1 in the Supporting Information). The apparent & was obtained from the
steady-state linear loop at 100 MV/m, and it slightly decreased from 6.4 to 5.9 after annealing at
110 °C for 72 h. Meanwhile, the hysteresis loop loss% at 275 MV/m dropped from 33% to 14%
(Figure 2C; the calculation of hysteresis loop loss is given in ref. 11). The suppression of
ferroelectric switching upon high temperature-annealing was also reported previously; however,
the exact reason was still unclear.’*** One possibility could be a decrease in free volume upon
physical aging at a temperature slightly below T.** As shown in the first heating DSC curves in
Figure S2A, the QA Selar films did not show a significant hysteresis peak until the annealing time
was beyond 6 h. This result indicated that the decrease in free volume could account for the

decreases in g and loss% after annealing at 110 °C for a prolonged time (e.g., 72 h; see Figure 2C),
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but might not be the major reason for suppressed ferroelectric switching only after 1 h annealing
(Figure 2B). Note that the suppressed ferroelectric switching after 1 h annealing at 110 °C for the
Q Selar film is similar to that for the mesomorphic n-nylons after 5 min-annealing at 100 °C.%° It
is possible that enhanced hydrogen-bonding upon thermal annealing suppressed the ferroelectric
switching for the QA Selar films, and this will be discussed later.

The QA Selar films were further subjected to even higher field poling (>275 MV/m) to see
if ferroelectric switching could return or not. However, all QA films broke down rapidly when the
poling field was above 300 MV/m at 10 Hz. Because of this, a thinner CA-72h film (3-8 um) was
used, and the poling frequency was increased to 100 Hz. However, no significant ferroelectric
switching was observed for the bipolar poling up to 340 MV/m (Figure S2B), above which the
CA-72h film broke down. Therefore, unipolar poling was applied, because it was reported that
DC breakdown strengths were higher than the AC breakdown strengths especially for polar
polymer films.*> Figure 2D shows the unipolar D-E loops for the CA-72h film at RT and 100 Hz.
Significant ferroelectric switching was observed when the poling field reached 464 MV/m. Note
that RT is far below the T of Selar, and electronic and ionic conductions could be neglected. This
result is different from the case for the aromatic polythiourea,*! which did not exhibit ferroelectric
switching even when the poling field reached as high as 800 MV/m at RT and 10 Hz. It was
possible that the hydrogen-bonding in polythiourea was stronger than that in the CA-72h Selar

film, and thus prevented ferroelectric switching under high fields.
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Figure 3. (A-B) Continuous bipolar D-E loops (5 loops for each run) at 75 °C for (A) Q and (B)
QA-1h Selar films under different electric fields; 100 and 200 MV/m. The poling frequency was
10 Hz with a sinusoidal waveform. (C) Apparent & at 100 MV/m and hysteresis loop loss% at
200 MV/m as a function of annealing time for various QA Selar films. (D) Continuous bipolar D-
E loops at 75 °C for QA-1h and QA-6h Selar films under 275 MV/m. The poling frequency was
10 Hz with a sinusoidal waveform.

When the test temperature increased to 75 °C, ferroelectric switching became easier. For
example, ferroelectric switching started during the first 5 loops for the Q Selar film when the poling
field was only 200 MV/m (Figure 3A). The easier ferroelectric switching could be attributed to
the weaker hydrogen-bonding interaction at elevated temperatures, as reported in a previous FTIR
study on Selar.*>*’ Because of the weakened hydrogen-bonding interaction, the lifetime of field-

induced ferroelectric domains was expected to be relatively short. Figure 4 shows the lifetime

results for the field-induced ferroelectric domains in Q Selar polarized at RT and 75 °C,
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respectively. Before the lifetime test, the fresh Q Selar film was bipolarly polarized for five
continuous cycles (275 MV/m at RT and 200 MV/m at 75 °C) to induce ferroelectric domains.
During the lifetime test, the sample was polarized for one cycle, and then the electric field was
held at 0 MV/m for additional 22 s (Figure 4A; the holding time is limited by the ferroelectric
tester to be within 25 s). Figure 4B shows the -P; as a function of time after one cycle of poling,
1.e., 275 MV/m at RT and 200 MV/m at 75 °C. From the linear plot in the inset, there was a quick
decrease in -P; within the first 2 s, after which the decrease became gradual. The quick decrease
of -P; within 2 s could be primarily attributed to randomization of poled ferroelectric domains, and
the gradual decrease could be a result of the disappearance of field-induced ferroelectric domains.
If plotted in double logarithmic scales, the gradual decrease of -P; seemed to follow a linear trend.
It was obvious that the gradual decrease at 75 °C was faster than that at RT, and this could be
attributed to faster thermal motion at higher temperatures. If linear extrapolation was valid (see
the dashed lines in Figure 4B), the decay times (tq4) for the -P; (defined as the |P;| decreasing to 1/e
of the original value) would be ca. 5000 and 50 s at RT and 75 °C, respectively. Later, we will
discuss possible molecular/segmental motions, which lead to the disappearance of field-induced

ferroelectric domains in poled Q Selar films.
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Figure 4. (A) Poling electric field profiles for the lifetime tests at RT and 75 °C for the Q Selar
film. For the lifetime test, time started to count after one cycle of poling. (B) Double logarithmic
plot of -P; as a function of time for the Q Selar film at RT and 75 °C, respectively. The inset shows
the linear plot.

After thermal annealing, e.g., for the QA-1h Selar film, ferroelectric switching at 75 °C
was significantly suppressed under 200 MV/m (Figure 3B). Upon increasing the annealing time,
D-E loops became increasingly slimmer (see Figure S3). The apparent & at 100 MV/m and the
loop loss% at 200 MV/m decreased with increasing the annealing time (Figure 3C). However,
ferroelectric switching could be achieved at a higher poling field. For example, when the poling
field increased to 275 MV/m, the QA-1h film still exhibited broad ferroelectric switching at 75 °C
after 5 continuous poling loops (Figure 3D). When the annealing time increased to 6 h and longer,
the ferroelectric switching was largely suppressed. Obviously, ferroelectric switching was

enhanced at high temperatures, primarily owing to the weaker hydrogen-bonding strength in glassy

Selar.
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Figure 5. FTIR spectra for Q and QA Selar films at room temperature. The FTIR experiment was

performed on the same Q film, which was annealed in-situ at 110 °C for different lengths of time.

The hydrogen-bonding strength was studied by FTIR. Figure 5 shows FTIR spectra in the
range of 3700-2700 cm™ for the Q and QA Selar films. The same Q film was subjected to an in-
situ annealing at 110 °C for different lengths of time. For each data collection, the sample was
cooled to RT to ensure a valid comparison of different spectra, i.e., the absorption bands for
asymmetric/symmetric CHa stretching bands overlapped nicely. The Q Selar film exhibited a
relatively broad hydrogen-bonded N-H stretching band centered at 3310 cm™!, together with some
shoulder bands around 3500 cm™! for the free N-H stretching band.*>*’ This result suggested that
hydrogen-bonding in Q Selar was relatively weak with certain non-bonded amide groups. After
annealing at 110 °C for 1 h, the shoulder bands for free N-H stretching around 3500 cm! clearly
reduced their intensity. With further increasing the annealing time, the intensity decreases became
less obvious for the QA-3h and QA-6h films. Meanwhile, there was also a decrease in the
hydrogen-bonded N-H stretching band at 3310 cm™! for the QA films compared to the Q film. The

attenuation in this N-H stretching band indicated that more amide groups were better hydrogen-
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bonded in the QA Selar films due to thermal annealing.*®*’ From this FTIR study, it is clear that
non-bonded amide groups and weak hydrogen-bonding interaction facilitated ferroelectric
switching in the Q Selar film. After thermal annealing, ferroelectric response was substantially
suppressed due to strengthened hydrogen-bonds in QA films; the longer the annealing time, the
stronger the hydrogen-bonding interaction in the glassy nylon. Meanwhile, free volume in the
polymer glass also decreased. As a result, either a higher electric field or a higher temperature was

required to break the hydrogen bonds and induce ferroelectric switching for QA Selar films.
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Figure 6. FTIR spectra for various (A) Q and (B) QA nylon films at room temperature. All
spectra are normalized to the hydrogen-bonded N-H stretching band around 3310 cm!. The QA
Selar is QA-6h.

Comparison with the Amorphous Phase in Aliphatic Nylons. As discussed earlier, the
glassy phase in aliphatic nylons does not contribute much to the observed ferroelectric behavior.
Then, what is the difference between the glassy phases in aliphatic and aromatic nylons? Why do
they behave so differently in ferroelectric switching? To answer these questions, a comparison

study was carried out for various aliphatic n-nylons. First, all Q n-nylons exhibited a broad

amorphous halo-like scattering around 14.7 nm™' (0.427 nm) in WAXD,** whereas Q Selar showed
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an amorphous halo at 14.5 nm™ (0.433 nm, see Figure 1). The slightly larger average interchain
distance for Q Selar suggested that the chain packing in the glassy Selar was looser than that in the
glassy phase of n-nylons. This could be attributed to the aromatic rings in Selar. Second, Figure
6A compares the normalized FTIR spectra for Q Selar and Q n-nylons at room temperature, and
obvious differences are observed. All Q n-nylons exhibited narrower hydrogen-bonded N-H
stretching bands than Q Selar, and their positions appeared at a lower wavenumber (3295 cm™)
than that (3310 cm™) for Q Selar. Moreover, the absorption of the free N-H stretching band around
3500 cm™! was much stronger for Q Selar than that for Q n-nylons. From these results, we conclude
that there were more non-bonded amide groups and the hydrogen-bonding strength was weaker in
Q Selar than Q n-nylons. After thermal annealing, the N-H stretching bands became narrower for
all QA nylons (Figure 6B), suggesting strengthened hydrogen-bonding and a reduced amount of
non-bonded amide groups. However, differences between QA Selar and QA n-nylons were still
obvious. The broader hydrogen-bonded N-H stretching band for QA Selar than those for QA n-
nylons suggested much weaker hydrogen-bonding interaction in QA Selar. From these
experimental results, we conclude that weaker hydrogen-bonding and looser chain packing in
glassy aromatic Selar resulted in easier ferroelectric switching than the glassy phases in aliphatic

nylons.
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Figure 7. (A-C) Bipolar D-E loops for various QA n-nylons at (A) RT/10 Hz, (B) RT/0.1 Hz, and
(C) 75 °C/10 Hz, respectively. The poling field was 200 MV/m with a sinusoidal waveform. (D)
The o relaxation time (t4) as a function of 1/T for various n-nylons and PVDF. The relaxation
data for dry nylon-6, nylon-11, nylon-12, and PVDF samples are taken from refs. 48, 49, 50, and
53, respectively.

Given the strong hydrogen-bonding and tight chain packing in n-nylons, their glassy phases
supposedly should not show ferroelectric switching below Tg. However, this is not true, and QA
n-nylons were chosen to study the ferroelectric switching of their amorphous phases. Prior WAXD
results revealed that the QA n-nylon films contained the most stable crystalline forms; o form for

the QA nylon-6 film, a form for the QA nylon-11 film, and y form for the QA nylon-12 film (see

the Supporting Information in ref. 32). Because these stable crystalline forms had strong
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hydrogen-bonding with tight crystal packing, possible interference of ferroelectric switching from
the mesophases could be largely avoided. Figure 7A shows the bipolar D-E loops for QA n-nylons
under 10 Hz at RT (i.e., below Tg; note that the Ty values for nylon-6, nylon-11, and nylon-12 are
between 45 and 55 °C *?). The QA nylon-11 showed a linear loop with the lowest Diax, the QA
nylon-12 showed the broadest (i.e., ferroelectric-like) D-E loop with the highest Diax, and the QA
nylon-6 displayed a D-E loop between the two cases. Obviously, the glassy phases in QA nylon-
12 and nylon-6 exhibited limited ferroelectric switching with certain dipole saturation at the
maximum poling field. When the poling frequency decreased to 0.1 Hz (Figure 7B), more
pronounced ferroelectric switching was seen for all #n-nylons with QA nylon-6 exhibiting the
broadest loop. However, compared to quenched n-nylons, the ferroelectric switching was much
weaker (Dimax ~ 20 mC/m?) than that (Dpmax >50 mC/m?) from mesomorphic n-nylons. We consider
that the glassy phases can exhibit weak ferroelectric switching, especially when the poling
frequency is low and/or the poling field is high. When the temperature increased to 75 °C (above
Tg, Figure 7C; the AC electronic conduction was subtracted for all loops, see Figure S4), a slim
loop with the highest Dmax was observed for the QA nylon-12, which appeared more paraelectric
than ferroelectric. By contrast, the QA nylon-11 exhibited the broadest loop with the lowest Diax,
which looked more ferroelectric than paraelectric. Again, the loop for the QA nylon-6 was
between the two cases.

From Figures 7A/C, differences are seen for the amorphous phases in nylon-6, nylon-11,
and nylon-12; the Dmax decreases in the order of nylon-12 > nylon-6 > nytlon-11. This trend
suggests that the polarizability of the amorphous phase should also decrease in the sequence of
nylon-12 > nylon-6 > nylon-11. Different ferroelectric behaviors of the amorphous phases in n-

nylons can be correlated to their a relaxation times (t4); see Figure 7D. These t, values are
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obtained for dry samples from literature reports: ref. 48 for nylon-6, ref. 49 for nylon-11, and ref.
50 for nylon-12. Close to the Ty of n-nylons, the 1, decreases in the order of nylon-11 > nylon-6 >
nylon-12, and the difference between the 1, values for nylon-11 and nylon-12 is over 5 orders of
magnitude. Given only one methylene unit difference in their chemical structures, it is surprising
to see such different 1, values for nylon-11 and nylon-12. The odd-even effect for aliphatic n-
nylons can be used to explain. When arranged in an all trans conformation, the amide dipoles are
parallel for odd-numbered n-nylons, whereas they are antiparallel for even-numbered n-nylons.

1 ' and y nylon-12 crystals,”> adjacent amide dipoles in

More importantly, in o nylon-1
neighboring chains are parallel for nylon-11 and antiparallel for nylon-12 in the unit cells. We
speculated that similar situations could also happen for amorphous n#-nylons. Namely, amorphous
odd-numbered nylons may prefer a parallel arrangement for neighboring interchain amide dipoles,
while amorphous even-numbered nylons prefer an antiparallel arrangement. According to the
Frohlich-Kirkwood theory,”® when neighboring inter-chain dipoles arrange in a parallel scheme,
the g factor will be high and the dipole-dipole interaction will be strong. On the contrary, when
neighboring inter-chain dipoles arrange in an antiparallel scheme, the g factor will be low and the
dipole-dipole interaction will be weak. If this speculation is true, the intermolecular (hydrogen-
bonding) interaction is stronger in odd-numbered nylon-11 than even-numbered nylon-12 (and
possibly nylon-6). It should be the stronger hydrogen-bonding in nylon-11 that results in a much
longer 1, or lower segmental polarizability for amorphous nylon-11 than amorphous nylon-12.
The longer 1, and the lower segmental polarizability for nylon-6 than nylon-12 can be attributed
to the higher dipole density and thus stronger hydrogen-bonding in amorphous nylon-6. We

consider that the weaker hydrogen-bonding interaction in nylon-12 should persist below Tyg; as

such, glassy nylon-12 is easier to exhibit ferroelectric switching than glassy nylon-6 and nylon-11.
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When the temperature is around and slightly above T, the stronger hydrogen-bonding interaction
and thus lower dipole polarizability in nylon-6 and nylon-11 can enable certain ferroelectric
switching induced by the high poling electric field, especially at low frequencies. In Figure 7D,
the 1, values for poly(vinylidene fluoride) (PVDF) are much shorter than those for n-nylons at the
same temperature.>® This is attributed to its lower T, (-37 °C) and weaker dipolar interaction than
the hydrogen-bonding in n-nylons. Therefore, around RT, the amorphous PVDF phase does not
show any ferroelectric switching at all. The above speculation and discussion certainly will need
more direct proof from future studies such as computer simulation.

The Nature of Ferroelectric Switching in Glassy Nylons. First of all, ferroelectric
switching in glassy polymers is different from that in the crystalline phase, because chains are
more or less randomly packed in the amorphous phase whereas they are at least aligned in the
crystalline phase. In the crystalline phase, ferroelectric switching is realized via cooperative (i.e.,
domain) rotation of the polar chains (note that dipoles are orthogonal to the polymer chain, such
as in PVDF and nylons).>* > Obviously, this cooperative rotation of aligned chains is not possible
for glassy polymers. Second, it is unlikely that the a transition temperature can be significantly
decreased by high poling electric field. Instead, ferroelectric switching should be facilitated by
sub-T, relaxations.'” In general, for main-chain polar polymers [i.e., polar groups are directly
attached to the main chain, e.g., PVDF, polycarbonate (PC), polysulfone (PSF), polyesters, and
nylons], the P relaxation is usually related to the onset or precursors of long-range segmental
motions (i.e., the a relaxation), and thus can be considered as short-range segmental motions. The
vy relaxation occurs at a lower temperature and is related to the motion of progressively localized
moieties of the chain. For side-chain polar polymers (i.e., polar groups are attached to the side

chains, such as polyacrylates and polymethacrylates), the B transition directly relates to the
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localized motion of dipole groups in the side chains. For glassy nylons, it is not yet clear which
sub-T relaxation is primarily responsible for the ferroelectric switching. Below, we will use HV-

BDS to answer this question.
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Figure 8. HV-BDS temperature-scan &;” results for the Q Selar film under different electric fields
at (A)10* Hz, (B)10° Hz, (C)10* Hz, and (D) 10 Hz. The heating rate was 0.3 °C/min. The arrows
suggest the trend of sub-Ty transition changes as the applied electric field increases.

Different relaxation processes associated with motions of amide groups can be found in the
normal BDS results in Figure S5. The y relaxation was assigned to the local motion of methylene

units adjacent to the amide groups. The P relaxation was assigned to the motion of the water-

bonded amide groups (i.e., from absorbed moisture). This relaxation disappeared during the
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second heating process, because water was evaporated after heating to 140 °C. The a relaxation
was found around 130 °C. Between the B and o relaxations, there was another relaxation peak for
the Q Selar film, which persisted even during the second heating of the dried sample. We named

it as B', which could be considered as the precursor motion for the o relaxation, although its exact

origin was still unclear.

Figure 8 shows HV-BDS temperature-scan &" results for Q Selar film under different
frequencies and electric fields (the &' results are shown in Figure S6). At 10* Hz (Figure 8A), the
vy and B relaxations were observed with no electric field dependence. With decreasing the
frequency to 10° Hz (Figure 8B), the B’ relaxation appeared around 60 °C, and it gradually shifted
to lower temperatures with an increased amplitude upon increasing the electric field to above 28

MV/m. In addition, the &" around 70-100 °C also significantly increased. Since this temperature
range was below the Ty around 130 °C, this increase in &" could not be assigned to the glass (or

o) transition. As reported before, even below Tg, there still exists certain long-range segmental
motion, which is similar to the glass transition motion.>®>” It is this glass transition-like segmental
motion below Ty that causes the flow and plastic deformation of polymer glasses. Here, we name
it as the field-induced o' transition. We consider that it was likely that the high electric field
enhanced this type of long-range segmental motion even below T,. When frequency decreased to
10? (Figure 8C) and 10 Hz (Figure 8D), all relaxation modes started to increase in &” with
increasing the electric field; however, the enhancement of § and B’ relaxations appeared to be the
more significant than that of the o' relaxation. Considering that high poling electric field tends to
make dipole switching easier, these relaxation should shift to lower temperatures as the poling

field increased.
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Similar HV-BDS study was also performed for the Q nylon-11 film (see Figures S7 and

S8). From the &" results in Figure S8, similar trends could be seen. First, when the frequency was

10* Hz (Figure S8A), no field dependence could be observed for the y (the local motion of
methylene units adjacent to the amide groups),  (the motion of water-bonded amide), and a (the
glass transition) relaxations. When the frequency decreased to 10° Hz (Figure S8B), v, B, and o’
motions significantly enhanced when the field was above 25.3 MV/m, whereas there was not much
change for the o. motion. When the frequency decreased to below 10? Hz (Figures S8C,D), p and
o' gradually shifted to lower temperatures upon increasing the electric field. Although the a
relaxation enhanced, the position remained nearly constant, suggesting that the glass transition was
not much altered by the poling field.

From the above HV-BDS result, we conclude that ferroelectric switching in glassy Selar is
primarily enabled by the cooperative segmental motions from /B’ and o’ relaxations (note that the
vy contribution is minor in this case). In addition, the disappearance of field-induced ferroelectric
domains (see Figure 4B) should also be realized via sub-Tg relaxations, rather than the o relaxation.
This is because the 14 for Selar around 75 °C can be extrapolated to beyond 10° s (see Figure 7D),
much longer than the 14 (~50 s) of Pr at 75 °C (Figure 4B). Also, the o’ relaxation should not exist
after removal of the electric field. Therefore, the decay of P; after removal of poling field should
be primarily attributed to the short-range segmental motions, i.e., B/p’, in glassy Selar.

Comparison of Ferroelectric Behaviors in Glassy Aromatic Nylons and Mesomorphic
Even-Numbered Nylons. From the above studies, the ferroelectric behavior of glassy aromatic
nylons has certain similarities with that of mesomorphic even-numbered aliphatic nylons. Before
electric poling, no ferroelectric domain exists in the sample. The weak hydrogen-bonding and

enlarged interchain distance enables large-angle rotation of the amide dipoles when a high poling
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field is applied. As more amide dipoles participate in the cooperative rotation, transient (or
dynamic) ferroelectric domains form. The domain size depends on the hydrogen-bonding strength
and dipole polarizability. The stronger the hydrogen-bonding and the higher dipole polarizability,
the larger the ferroelectric domains and thus the broader the hysteresis loop. Usually, hydrogen-
bonding is sensitive to temperature. The higher the temperature, the slimmer the hysteresis loop.

These field-induced ferroelectric domains are metastable in nature, because there is no
polar crystalline structure to stabilize them. Therefore, they have a relatively short lifetime as soon
as the external electric field is removed. The lifetime depends on the dipole relaxation processes,
which are sensitive to temperature; the higher the temperature, the faster the dipole relaxation or
depolarization occurs. In this sense, glassy aromatic nylons and mesomorphic even-numbered
nylons are not suitable for ferroelectric memory applications.

There is a clear difference between glassy aromatic nylons and mesomorphic even-
numbered nylons. For a glassy aromatic nylon (i.e., a main-chain dipolar glass polymer), the
segmental dipole rotation (i.e., the /B’ and o’ motions) contributes significantly to the ferroelectric
switching, and the contribution from localized y motion is minor. This is why no significant

ferroelectric switching reported for side-chain dipolar glass polymers,'! 18

which do not possess
any short-range segmental motion. For mesomorphic even-numbered nylons, cooperative rotation
of aligned chains in the crystalline structure contribute to the ferroelectric switching. To certain

extent, ferroelectric switching in mesomorphic even-numbered nylons could be easier than that in

glassy aromatic nylons because polymer chains are aligned in the crystalline phase.
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Conclusions and Outlook

In this work, the nature of ferroelectric switching in glassy aromatic nylons was
investigated using a nearly 100% amorphous nylon, Selar. Similar to mesomorphic even-
numbered n-nylons, hydrogen-bonding interaction and interchain distance played an important
role for the ferroelectric switching in Selar. WAXD results revealed that the Q Selar had a larger
average interchain distance than that in Q n-nylons because of aromatic rings in the main chain.
FTIR results showed that the Q Selar exhibited a higher fraction of free amide groups than the QA
Selar, and the hydrogen-bonding interaction in Q and QA Selar was much weaker than that in
aliphatic n-nylons. The weak hydrogen-bonding in Q Selar facilitated ferroelectric switching,
which was largely suppressed for the QA Selar films. The ferroelectric domains were induced by
the poling field, and thus were metastable and short-lived. The nature of ferroelectric switching
was revealed by HV-BDS. Upon increasing the applied electric field, the segmental motions, i.e.,
B/B" and o' relaxations, contributed significantly to the dielectric loss, suggesting that the
ferroelectric switching was primarily caused by the cooperative segmental motions in Selar. In
addition, absorption of moisture was detrimental to the dielectric properties of dipolar glass nylons,
because the B relaxation became easier and often took place at lower temperatures. Absorbed
moisture tended to significantly decrease the dielectric breakdown strength.

Once we understand the nature of ferroelectric switching in aromatic nylons, it is desirable
to suppress segmental motions for high energy density and low loss dielectric applications. Several
strategies are proposed for future studies. First, extended thermal annealing can be used to
strengthen hydrogen-bonding and decrease the free volume for glassy nylons. Second,
crystallinity can be introduced into the aromatic nylons to enhance hydrogen-bonding. Combining

with extended thermal annealing, semicrystalline aromatic nylons could suppress ferroelectric
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switching. In this sense, semicrystalline MXDs could be a viable candidate. Third, instead of
semi-aromatic nylons (i.e., either diamine or diacid is aromatic), fully aromatic nylons (i.e., both
diamine and diacid are aromatic) can be promising, e.g., copolymers from m-xylylenediamine and
I/T (a fully aromatic nylon commercialized by Mitsubishi).>® Currently, research is on the way to

test these ideas.
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I. Continuous Bipolar D-E Loops for the QA Selar Films at Room Temperature
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Figure S1. Continuous bipolar D-E loops (5 loops for each run) at room temperature for various
QA Selar films under different electric fields; 100, 200, 250, and 275 MV/m. The poling frequency
was 10 Hz with a sinusoidal waveform.



I1. DSC Curves for QA Selar Films and Continuous Bipolar D-E Loops for the CA Selar Film
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Figure S2. (A) First heating DSC thermograms for various QA Selar films. The heating rate was
10 °C/min. (B) Continuous bipolar D-E loops for the CA-72h Selar film with increasing the
maximum poling field. The poling frequency was 100 Hz with a triangular waveform.

I1I. Continuous Bipolar D-E Loops for Various QA Selar Films at 75 °C
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Figure S3. Continuous bipolar D-E loops (5 loops for each run) at 75 °C for various QA Selar
films under different electric fields; 100 and 200 MV/m. The poling frequency was 10 Hz with a

sinusoidal waveform.
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IV. Subtraction of AC Electronic Conduction from Bipolar D-E Loops for the QA n-nylons
at 75 °C
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Figure S4. Subtraction of AC electronic conduction (i.e., blue horizontal loops) from the
experimental (black) loops 75 °C for the QA (A) nylon-6, (B) nylon-11, and (C) nylon-12,
respectively. The poling frequency was 10 Hz with a sinusoidal waveform.

At high temperatures, especially above the T of a polar polymer (usually with a high dielectric
constant), charge (electron and/or hole) injection from metal electrodes becomes important when
the poling electric field is above 20 MV/m, as evidenced by a thermally stimulated depolarization
current (TSDC) study.>! During the bipolar poling, the electrode polarity alternates, and charge
recombination happens if the traps near the metal/polymer interfaces are shallow.5? This leads to
significant AC electronic conduction. In other words, the injected charges do not need to go
through the entire film and the charge recombination near the metal/polymer interfaces can result
in significant AC electronic conduction. As a result, the experimental D-E loops become
asymmetric with respect to the origin along the D-axis. That is, the upper half loop shifts upward,
as seen for the experimental (blank) loops in Figures S6. From our previous report,> the AC
electronic conduction results in a horizontal (blue) loop. After subtraction of the horizontal loop
from the experimental loop, ferroelectric loops from dipole and domain switching can be obtained,

as the red loops in Figure S6.
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V. Normal BDS Temperature-Scan Results for the Q Selar Film
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Figure S5. BDS temperature-scan (A,B,C) &' and (D,E,F) &” results at different frequencies for
the Q Selar film during (A/D and C/F) the first heating and (B,E) the second heating processes.
The heating rate was 2 °C/min. Spectra in (C,F) show details for the o (or glass) transition.
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VI. HV-BDS Temperature-Scan Results for Q Selar and QA Nylon-11 Films
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Figure S6. HV-BDS temperature-scan &' results for the Q Selar film under different electric fields
at (A) 10* Hz, (B)10° Hz, (C)10% Hz, and (D) 10 Hz. The heating rate was 0.3 °C/min.
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Figure S7. HV-BDS temperature-scan &' results for the Q nylon-11 film under different electric
fields at (A) 10* Hz, (B)10° Hz, (C)10? Hz, and (D) 10 Hz. The heating rate was 0.3 °C/min.
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Figure S8. HV-BDS temperature-scan &;” results for the Q nylon-11 film under different electric
fields at (A)10* Hz, (B)10° Hz, (C)10° Hz, and (D) 10 Hz. The heating rate was 0.3 °C/min. The
arrows suggest the changes of sub-T transitions as the applied electric field increases.
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