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Abstract

Thermal stability of polypropylene (PP) over a broad temperature is critical for many applications. Hindered phenol (HP)
groups have been utilized in PP for thermal-oxidative protection. This paper studies thermal stability of the electret property
of PP linked with 0.2 mol% HP. It is observed that small amount of chemically linked HP groups improves electret thermal
stability as reflected by the higher peak temperature of the thermally stimulated discharge curve and about 65% increase in
the trap level. In addition, the HP groups in PP generate “rigid backbones” which maintain the PP film shapes to temperatures
near the melting (~ 150 °C), compared with pristine PP at 70 °C.
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Introduction

Polymers are ubiquitous in our society because of their
unique properties, such as lightweight, flexibility, low cost,
corrosion-resistance, and manufacturability. Polypropylene,
as the one of the most widely used polymers in the world, is
also playing critical role in polymer electrets and film capac-
itors. For example, N95 respirators is a key personal pro-
tective equipment (PPE) in fighting COVID-19. The heart
of N95 respirators is the electrostatic polypropylene (PP)
fiber air filter, which, through the surface charges, effectively
traps (filters) virus and protects medical professionals and
public from viral infection [1-4]. PP fiber electret filters,
which are electrically charged, can retain stored charges at
traps in the polymer for long period of time. Compared with
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pure mechanical filters (such as in cloth face masks), the
electrostatic filter in face masks increases the efficiency sev-
eral orders of magnitude for the same pressure drop [1,3-5].
Due to the shortage of the electrostatic PP fiber filters in N95
respirators, it is recommended that general public should not
use N95 respirators. One solution to address the shortage
of NO5 respirators is to disinfect used masks, for example,
heat treating the face masks to higher than 70 °C for a given
time, so that they can be reused. However, due to the thermal
properties of PP electret, trapped charges will be detraped at
temperatures higher than 70 °C [6,7], thus limits the cycle
use of the N95 respirators.

In addition, the PP electrets are also used in piezo-sensors
and transducers owing to their high piezoelectric coefficients
(>400 pC/N) which are comparable to that of piezoceram-
ics [7,8]. However, the piezo-performance of the PP electret
(electrostatic) sensors and transducers deteriorates above
70 °C because of de-trapping of stored charges [7].

Hence there is a great interest in investigating and devel-
oping low cost and highly scalable approaches to improve
the thermal stability of PP electret. This paper investigates
a modified PP which with tiny amount of phenol groups
(0.2 mol%) chemically attached to the PP chains, see Fig. 1a
for the chemical structure of PP-HP (hindered phenol),
exhibits improved electric thermal performance of PP.
For example, thermally stimulated depolarization current
(TSDC) data shows a shift of discharge peak from 104 °C
of pristine PP to 127 °C of PP-HP in addition to an increase
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Fig. 1 a Schematic of chemical structure for modified polypropylene (PP-HP) [14]. b DSC cycles for PP-HP and pristine PP, the inset is an
indication of the temperature range around glass transition for the polymers. ¢ XRD of PP-HP and pristine PP

in the trap level. The thermal-mechanical properties such
as polymer film shape changes with temperature are stud-
ied since it is also importance for PP fiber air filters and
for electret sensors and transducers. Film shape changes, as
measured by capacitance change vs. temperature, reveals
that PP-HP films maintain AC/C,5<2.5% to 125 °C, com-
pared with films of pristine PP of 75 °C, where C,5 is the
capacitance at 25 °C and AC is the capacitance change.
PP is a semicrystalline polymer, having a glass transi-
tion 7, near 0 °C and melting temperature 7;,~170 °C. In
general, amorphous polymer chains exhibit strong segment
motions at temperatures above Tg, which would facilitate
charge detrapping in polymer electrets [9]. In addition, chain
relaxations in polymers may cause shape changes in poly-
mer fiber filters. Nanocomposite approach has been used
to improve polymer performance, including electret per-
formance [8,10,11]. It has been reported that the aromatic
groups, due to their rigid molecular structure, are useful to
improve the thermal stability of amorphous and semicrystal-
line polymers, such as in PP and Poly(ethylene naphthalate)
(PEN), a better substitute for Poly(ethylene terephthalate)
(PET), see Scheme S1 for the chemical structures of the
polymers [12,13]. Therefore, chemically linking phenyl
groups to PP chains may provide a solution to improve the
thermal performance of PP electrets. Recently, a “PP nano-
composite”, a PP containing low mol% of phenol groups
was developed by Polymics, Ltd and Advanced Polyolefin
Technologies (State College, PA) [14]. On the other hand,
as seen from Fig. 1a, the rigid phenol groups will not be able
to co-crystallize with PP. Hence, HPs in PP-HP copolymer
may cause a reduction of crystallinity. For a semicrystalline
polymer with T, near 0 °C, a large reduction of crystallinity
is not desired because it may cause reduction in the thermal
performance of PP electrets. For example, the crystallite-
amorphous interfaces are likely the defect sites for trapping
charges and hence a large reduction of crystallinity will
reduce the electret (charge storage) performance even at
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room temperature [15,16]. Hence, PP-HP with 0.2 mol%
HP, low mol% of HP, is chosen for this study. For a com-
parison pristine PP films are also studied. The TGA (ther-
malgravimetric analysis) data, Fig. S1, reveal that 0.2 mol%
HP in PP-HP raises the degradation temperature to 262 °C,
compared with the pristine PP of 230 °C, a 32 °C increase.

Experimental details

PP-HP films of 20 um thick were fabricated by Polymics Ltd
using extrusion method. Films of pristine PP 20 pm think
fabricated using extrusion method were provided by PolyK
Technologies (State College, PA). The thermal properties
were characterized with differential scanning calorimeter
(DSC, Q100, TA) at the heating/cooling rate of 10 °C/min
in a nitrogen atmosphere and with TGA (TA Instruments
Q600) at heating rate of 10 C/min in an air atmosphere.
X-ray diffraction (XRD) analysis was conducted using a
Panalytical X pert Pro MPD diffractometer. The wavelength
of X-ray is 1.54 A. For electric characterization, Au films
of 50 nm thick and 6 mm diameter were sputtered on the
two surfaces of polymer films. The dielectric properties of
polymer films were characterized by a HP 4294 impedance
analyzer coupled to a temperature chamber. For TSDC study,
the film was charged under a high voltage of 200 MV/m
electric field at 100 °C for 20 min and then, the film was
cooled down to 10 °C under the field. The field was reduced
to zero and TSDC was characterized using a HP 4140B pA
meter with a heating rate of 2 °C/min.

Results and discussion

The DSC data presented in Fig. 1b and summarized in
Table 1 indicate that 0.2 mol% HP causes a slight reduction
of T, and meanwhile the melting peak also shifts slightly to
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Table 1 Summary of several thermal properties deduced from DSC
curves

Films Glass transi-  Melt peak  Melt Estimated
tion temp (°C) temp (°C)  enthalpy crystallin-
/g ity
Pristine PP 3.5 166.45 87.09 54.1%
PP-HP 1.5 163.62 81.44 50.6%

lower temperature than that of pristine PP. The crystallinity of
PP-HP is estimated by using the melt enthalpy divided by the
standard enthalpy of 100% crystallinity PP, i.e., 161 J/g [17].
The crystallinity of PP-HP is 50.6%, a slight decrease from
54.1% of pristine PP. The dielectric data in Fig. 2a shows that
the PP-HP (0.2 mol%) maintains the dielectric properties of
pristine PP, e.g., the dielectric constant K=2.25 and dielectric
loss <0.002.

Early dielectric spectroscope studies of PP revealed two
dielectric relaxation processes, a dielectric relaxation at low
temperature is associated with the glass transition (« relaxa-
tion) and the high temperature one (~ 100 °C) is associated
with crystallization (p relaxation) [18]. TSDC is carried out to
probe the depolarization peak and trap depth for the polymers
associated with the high temperature polymer chain relaxation
which is of interest of this study [19]. As shown in Fig. 2b, the
discharge peak shifts from 104 °C of pristine PP to 127 °C
of PP-HP, a raise of 23 °C. The results suggest that the rigid
phenol groups in PP-HP, even at 0.2 mol% level, impede poly-
mer chain motions and raise the depolarization temperature by
more than 20 °C.

For polymer electrets, the trap depth E, is also a critical
parameter. In electrets, charge detrapping is a thermally acti-
vated process, ~exp(—E/k,T), where ki is the Boltzmann’s
constant and T is the absolute temperature. At room tempera-
ture k, 7=0.025 eV. Hence traps with larger E, can maintain
stored charges to higher temperatures. The trap depths can be

(a) 23 0.020
:-v@r!""“"“u"u"""
= 221 L0.015
S
2
S 2.1
8 L0.010
o o PP-HP
8 2.04 v Pristine PP
Qo PP-HP -0.005
a === Pristine PP)
1.94 -
’\vr’f T L0.000
1.8 4o r . .
10" 102 10° 10

Frequency (Hz)

Loss

estimated from the TSDC peaks [19]. In most studies, the ini-
tial rising slope is used to deduce trap energy level E, e.g., [19]
In(I(T)) = constant — % ¢))

The trap depth deduced for the pristine PP is 0.3 eV,
which is similar to what has been reported for PP, [20] and
for PP-HP, it is 0.51 eV. Hence, 0.2 mol% HPs in PP-HP
generate deeper trap than the pristine PP which can provide
better retention of stored charges or maintaining the same
charge retention at higher temperatures. The integrated area
of the discharge peaks provides a comparison of trapped
charges between PP—HP and pristine PP films: the charges
released in the peak is 6.77 x 10~ C for pristine PP and
6.47 x 107 C for PP-HP. These results show that 0.2 mol%
HPs in PP-HP can enhance the thermal stability of the PP
electret for more than 20 °C which is attractive for the modi-
fied PP polymer for use in the PP electrostatic fiber filters
and for PP electret sensors and transducers.

To understand the molecular origin of the enhanced trap
levels in PP—HP (0.2 mol%), we also carried out x-ray dif-
fraction study of the PP-HP copolymer, which is presented
in Fig. lc. As shown in Fig. lc, with such small amount
of chemical additive, the polymer does not exhibit obvious
changes in crystal structures, the diffraction peaks reveal
the major presence of o phase [17,21]. Since there is not
much change in DSC and XRD data between pristine PP
and PP-HP, the results suggest that the enhanced trap depth
is mainly caused by the HP groups. Charge traps can form
at crystalline-amorphous interfaces and at chemical defects.
If the PP-HP is treated as “a nano-composite”, interface
regions surrounding the HP groups may generate deeper
traps than that in the pristine PP due to the hinderance effect
of the phenol groups. In our recent study of polymer nano-
composites, it was observed that in PEEU, very low volume
loading of nanofillers (~0.2 vol%) can generate deeper traps
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Fig.2 a Dielectric constant and loss vs. freq. at room temperature and b TSDC curves for PP-HP and PP
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capacitance changes AC/C,s where C,5 is the capacitance at 25 °C
are 10% for pristine PP and PP-HP. ¢ The length of marked lines

in the nanocomposites, compared with pristine polymers
[22].

For polymer electrostatic fiber air-filters, shape changes
of PP fibers due to high temperature treatment, for exam-
ple, high temperature disinfection, may affect the perfor-
mance. To evaluate the thermal-mechanical properties,
the measurement of capacitance changes with temperature
is carried out to provide the shape changes of PP-HP and
pristine PP. Such kind of measurement is widely used in
capacitor industry since a large change of capacitance with
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(as indicated in figure S3) vs. temperature, d normalized thickness
change vs. temperature for pristine PP and PP-HP, e Shape changes
of pristine PP and PP-HP films at 110 °C and 145 °C

temperature is not desired for most electric and electronic
devices and systems. For film capacitors, the capacitance
Cis

C= KeOA )

Cd

where €, (=8.85 % 10712 F/m) is the vacuum permittivity, A
is the electrode area and d is the film thickness. Any changes
in film area A and thickness d due to temperature generated
shape change as well as change of K with temperature will
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Table 2 Ratio of capacitance change AC/C,s at different temperatures
where C,; is the capacitance at 25 °C

Films 50 °C 100 °C 130 °C 150 °C
PP -1.1% —-4.9% -22.5% -60.5%
PP-HP -0.5% -1.7% -2.9% -4.8%

cause change in capacitance. For PP, the refractive index n
is reported in the range from 1.49 to 1.52 [23]. As shown
in Fig. 2a, the PP and PP-HP films have K=2.25 at room
temperature which is nearly equal to n%. Hence, for PP, the K
is almost all from the electronic contribution, i.e., K= n% In
the literature, it has been reported that the dielectric constant
of PP films will decrease 1% at 70 °C, 3% at 100 °C, and
6% at 120 °C [24].

The capacitance changes of the two types of PP films
vs. temperature are presented in Fig. 3 a, measured in tem-
perature from — 75 to 160 °C. PP-HP exhibits exception-
ally high temperature stability of capacitance, mainly due
to its high thermal stability of the film shape (as indicated
in Fig. S2 for films with Au electrodes). For example, as
shown in Table 2. PP-HP films maintain the capacitance
change less than 5% at temperatures up to 150 °C which
is very close to the melting temperature of PP. In com-
parison, at 100 °C, PP films exhibit capacitance changes
larger than 5%. The temperatures for 10% capacitance
change for these two polymers are compared in Fig. 3b.

The dimension changes of the polymer films such as
the thickness of the films and the lateral dimension as
marked cross on the surfaces of the polymer films at vari-
ous temperatures are also directly measured. The initial
length (at 25 °C) marked cross is 3.0 cm (See Fig. S3).
The film thickness was measured by Heidenhain Length
Gauges from Powertronics Incorporated. As shown in
Fig. S3, the shape of the pristine PP films displays obvi-
ous change at 85 °C. At temperatures higher than 110 °C,
pristine PP cannot retain its shape and undergo a large
shrinkage. In contrast, the PP-HP possesses much better
shape stability at higher temperatures compared to the
pristine PP. At 150 °C, the shape of PP-HP is still simi-
lar to that at room temperature. The dimension changes
for these polymer films are presented in Fig. 3¢ and d
(deduced from the images shown in Fig. S3), shrinking of
the films lead to the increase of thickness and decrease of
the film area. It can be seen that the length (L) and thick-
ness of PP-HP do not exhibit significant change with
temperature even at 150 °C. We note that improved ther-
mal-mechanical properties such as shape stability of PP
have been observed in PP/carbon nanofiber (CNF) com-
posites. It is suggested the CNFs can restrict the motion
of polymer chains, thus reducing the tensile strain stimu-
lated by temperature [25]. For PP-HP, the HP groups in

the PP polymer form stiff mechanical backbones (frames)
which maintain the polymer film shape stability at tem-
peratures close to T, of PP.

Conclusion

In summary, this study finds that PP-HP with only 0.2 mol%
HP can lead to improvement of temperature stability of the
electret charge storage performance as reflected by the
higher peak temperature of TSDC curve and more than 65%
increase in the trap level. The HP groups in PP-HP cause
small reduction of crystallinity, about 6%, which may be
responsible for the slight decrease of the charges under the
TSDC peak, about 4.5%, of PP-HP compared with pristine
PP. It is also observed that the PP-HP films maintain their
shapes to temperature near the melting (150 °C), compared
with pristine PP starting to deform at 70 °C, suggesting that
the HP groups form “rigid backbones” in PP-HP.
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