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For the first time, diverse structural modifications of PI molecular chains were achieved by incorporating cage-like octa(aminopropyl)
silsesquioxane was used to optimize and modify PI composites in this study. By doping the films with POSS, 8NMP/PI has shown significant
improvements in thermal stability, mechanical strength, and corona resistance duration.
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ABSTRACT: As electrical equipment is progressively advancing towards high-power and large-capacity integration, the electrical insulation
components frequently experience severe structural damage and performance degradation when they are exposed to significant voltage impact.
Modifying the insulating base materials through filling to enhance their corona resistance is a critical measure to ensure the safe operation of
electrical equipment. This article proposes, for the first time, a distinct modification strategy of cage-like octa(aminopropyl) silsesquioxane
(8NH.-POSS) particle toward the molecular structure of polyimide. This particle can form covalent bonds with both the main chains and side
chains of polyimide (PI) during polymerization, thereby enhancing the flame retardant, mechanical and corona resistance of the polyimide
matrix. Benefiting from the organic-inorganic hybrid structure, the POSS with amino groups provides interfacial compensation for PI at the
molecular structural level. The power frequency breakdown strength of the 8NH>-POSS main-chain grafted PI composite film (SNMP/PI) is
increased by 31.5%, and the corona discharge inception voltage is enhanced from 1.93 to 2.13 kV. And the average corona resistance time of
8NMP/PI is prolonged from 305 to 498 s, which is 63.3 % higher than the pure PI film. Meanwhile, its excellent interface effect improves the
flexibility of the composite film, with the average tensile strength increased by 17.6% and the elongation at break by 16.2 %. All composite
films have reached UL-94 V-0 rating. This work provides valuable reference for developing high-performance polymer composites for

applications in large-scale electrical devices.

KEYWORDS: POSS, flame retardant, inorganic-organic hybrid, mechanical properties, corona resistant capacity

1 Introduction

With the advancement of modern industrial production and
power electronic equipment, the service life of traditional
insulating materials under complex working conditions fails to
meet expectations [1-3]. Currently, intensive attention focuses
on developing insulation composites that can adapt to
complicated working environments. Consequently, mechanically
flexible insulation polymer composites have become the
objective of insulation barriers for large-scale equipment. [4, 5].
Polyimide has been extensively applied in various fields such as
electronic devices, aerospace, and high-performance coatings
owing to its outstanding insulation properties, thermal stability,
mechanical strength, and chemical resistance [6-9]. Moreover, it
plays a critical role in ensuring the insulation stability of motor
windings. The intrinsic properties of polyimide can be enhanced
through methods such as structural modification and
nanocomposite filling. By introducing flexible groups or long
molecular chains into the main or side chains during the
polymerization process, its solubility, processability, or thermal
stability can be improved [10, 11]. Yu et al [12] introduced the
rigid (DAPBI-BTDA) and flexible (ODA-BTDA) monomer unit
into PI molecular chains. By adjusting the ratio of rigid to
flexible elements, they obtained PI films with a series of

different structures, exhibiting excellent thermal stability and
mechanical properties. Song et al [13] reported the effect on the
solubility of composite films when 2,2’-dichloro substituted
biphenyl linkage was introduced into polyimide mainchain. The
results indicated that the modified PI could dissolve in a range
of polar solvents, greatly enhancing its solubility properties. The
structural modification of polyimide is primarily employed in
studies on heat resistance and solubility properties. However, its
large-scale application is limited by issues such as complex
processing and high costs. When hybridized with inorganic
nanoparticles, their unique properties can enhance impart the
polymer matrix. For example, ALOs;, BN, and CNTs can
enhance the insulation, optical, and conductive characteristics of
the polymer, making it suitable for various applications [14-17].
Wang et al. [18] utilized a layered solution casting method to
fabricate the Janus structured MXene/polyimide bilayer
composite films. Its unique model of “conductive on one side
and insulating on the other” achieved excellent shielding
performance. Luo et al. [19] designed a multifunctional
CNTs@CoFe>O4/polyimide aerogel, which achieved lightweight
properties while delivering excellent thermal insulation and
electromagnetic wave absorption performance. Ai et al. [9]
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effectively improved the breakdown strength and charge-
discharge efficiency of the polyimide matrix by incorporating
two-dimensional Al,O3 nanoplates. As a result, the directional
compensation of polyimide properties can be achieved by
introducing different nanoparticles into the PI matrix.

In recent years, polyhedral oligomeric silsesquioxane
(POSS) has garnered widespread attention due to its unique
structural properties, enabling organic-inorganic
nanohybridization at the molecular level. The silicon-oxygen
cage structure of the POSS core possesses high thermal stability
and atomic oxygen resistance. Furthermore, functional groups
such as epoxy, amino, and phenyl groups on its periphery endow
POSS nanoparticles with functionality and high reactivity [20-
24]. This allows them to form various cross-linked network
structures with other polymers, thereby imparting the polymer
materials with excellent heat resistance and chemical resistance.
Additionally, the porous structure of POSS improves the overall
dielectric properties of the material [25-28]. Dong et al. [29]
modified the molecular structure of polyimide with mono-amino
POSS. The resulting composites exhibited excellent charge-
discharge cyclability and discharge energy density. Qiao et al.
[30] reported that the cubane-type POSS had achieved higher
conductivity at room temperature. Qian et al. [31] used blends of
trisilanolphenyl POSS to explore the atomic oxygen resistance
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of PI films, and the research verified that POSS cage structure
could well resist the attack of atomic oxygen. Numerous studies
have confirmed that the POSS structure can improve the
electrochemical and antioxidant properties of polymers [32-34].
However, there are currently few reports on the impact of POSS
on the electrical properties of polymers, and almost no research
has been mentioned regarding the role of POSS in achieving
corona resistance in polymers.

In this work, we employed molecular design strategies to
incorporate POSS grafted with varying numbers of amino
groups into the polyimide structure. By utilizing the amino
groups to react with pyromellitic dianhydride, POSS was
integrated into the polymer main chain. Subsequently, through
esterification with the carboxyl groups on the side chains of the
precursor polyamic acid, differently functionalized POSS/PI
composite films were obtained. The research revealed the effects
of POSS organic groups, introduced via different methods, on
the dielectric and corona resistance properties of the composite
films. Fig. 1 shows the reaction mechanism and flowchart for
the preparation of 8NMP/PI, while Fig. S1 illustrates the
synthetic reaction equation of 8NSP/PI. This research provides
novel insights for the enhancement of polymer properties
through various hybrid structures of POSS.
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Figure 1 The synthetic reaction equation (a) and synthesis schematic diagram (b) of SNMP/PL

2 Experimental

2.1 Materials

Anhydrous N, N-Dimethylacetamide (DMAc, CH3CON(CHz),),
Pyromellitic anhydride (PMDA, CioH20s), 4,4’-Oxydianiline
(ODA, Ci2H2N20), Aminopropyllsobutyl POSS were purchased
from Shanghai Macklin Biochemical Technology Co., Ltd.,
Octa(aminopropyl) silsesquioxane POSS were purchased from
Xi’an Haoran Biological Technology Co., Ltd.

2.2 Synthesis of PI film.
2.002 g of ODA was first dissolved in a three-neck flask with

40.4 mL of anhydrous DMAc. Then, 2.224g of PMDA were
added in three times, each addition was spaced one hour apart.
The polyamic acid solution was obtained by stirring above
solution for 6 hours until the reaction complete. The experiment
process was conducted under a nitrogen protection system, with
the reaction temperature maintained between 0 and 5°C. After
removing the internal bubbles from the polyamic acid under
vacuum, the solution was poured onto a clean glass plate. A
coater was adjusted to spread the film evenly, the PI film was
obtained after thermal imidization at 80, 160, 220, and 280 °C,
holding for 1 h at each temperature stage. The thickness of final
film was approximately 25 pm.
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2.3 Synthesis of SNH»-POSS/PI (NH,-POSS/PI) films with
different grafting methods.

First, 55.1 mg of 8NH,-POSS (NH»-POSS) was added to a
three-neck flask containing 40.4 mL of anhydrous DMAc, and
ultrasound stirring for 1 hour. Then, add 2.002 g of ODA and stir
for another hour until completely dissolved. Subsequently, 2.224
g of PMDA were added in three times, each addition was spaced
one hour apart. Follow the subsequent steps consistent with the
procedure for pure PI film to obtain the main-chain-incorporated
8NH,-POSS/PI (NH2-POSS/PI), and the composites were named
8NMP/PI (NMP/PI). Add an equivalent amount of 8NH2-POSS
(NHz-POSS) to the prepared polyamic acid, mix thoroughly, and
then proceed with film formation and curing to obtain the side-
chain-incorporated  8NH-POSS/PI  (NH2-POSS/PI)  which
named 8NSP/PI (NSP/PI).

2.4 Materials characterizations

The microstructure and morphology as-prepared samples were
characterized by Field emission scanning electron microscopy
(F-SEM; JEOL JSM-7800F). The surface functional groups of
the samples were studied by Fourier transform infrared
spectroscopy (FT-IR, Nicolet iS50). The crystalline structure of
sample was described by the powder X-ray diffraction (XRD,
Rigaku Ultima IV with Cu-Ka radiation, A=1.5406 nm) in the
range of 3-90° and X-ray photoelectron spectroscopy (XPS;
AXIS Supra). The thermogravimetric curve was measured by
the thermogravimetric analyzer (TGA, HTG/HQG-1).
Differential Scanning Calorimetry (DSC) curves were measured
by Differential Scanning Calorimetry Analyser (DSC250),
(Temperature range: 30-400 °‘C); The tensile strength and
elongation at break were evaluated using an electronic universal
testing machine (34TM-30, Instron, USA) at a crosshead speed
of 10 mm/min; The dielectric constant and loss tangent were
obtained and calculated by Impedance analyzer (E4990A); The
breakdown field strength and corona resistance voltage of the
material at different frequencies were measured by an aging test
platform built in the laboratory, as shown in Fig. S2. The
electrode is spherical-plate which the diameter and thickness of
plate is 20 mm and 5 mm, the diameter of the ball is 20 mm. The
thickness of the film is 25 pm, and a square film of 25 mm x 25
mm is taken as the test sample. Before the corona test, the
electrode needs to be ground with 400 mesh sandpaper, and the
arithmetic average of the 5 test results is taken as the final result
for both the breakdown voltage and the corona resistance time.
Flame retardant rating was evaluated by using a CZF2/3 (Ning
Bo, China), and strip films measuring 125 x13 x 0.025 mm?®
underwent five parallel tests to meet the standard ASTM D3801-
19.

3 Results and discussion

3.1 Properties analysis of composites

The XRD patterns are shown in Fig. 2, the amorphous peaks of
all samples at 20-25° can be seen in Fig. 2(a), confirming the
amorphous morphology of polyimide in the composites. In Fig.
S3(a), NH»-POSS exhibits the obvious diffraction peaks at 6.4°
and 11.1°, which are attributed to the molecular chain backbone
spacing. It can be seen from the Bragg’s law (2d sinf=n/l) that
6.4° and 11.1° diffraction peaks corresponding to d-spacings of
13.8 and 8.0 A° is caused by the size of the NH»-POSS
molecules [35]. The wide peaks around 21.4° could be attributed
to the molecular structure of the POSS cage. In Fig. S3(b), the
crystalline characteristics of 8NH>-POSS are more pronounced,
with diffraction peaks in the range of 8-30° consistent with those
reported in the literature [36]. NMP/PI and 8NMP/PI exhibit
virtually no distinct diffraction peaks, attributed to the disruption
of crystalline structures in composites where the POSS is
homogeneously dispersed within the amorphous polyimide. The
small-angle diffraction peaks observed in the range of 6-9° for
NSP/PI and 8NSP/PI likely originate from aggregation caused
by the inability of grafted POSS side chains to achieve uniform
dispersion under high viscosity conditions. Fig. 2(b) is the FT-IR
spectrum of samples, the C=0 bending could be confirmed in
polyimide by the absorption peak at 720 cm'. The peaks at 1712
and 1776 cm™! represent the C=0 of symmetrical stretching
vibration and asymmetrical stretching vibration [37]. The
appearance of the peak at 1366 cm™ (C-N stretching), along
with the disappearance of peaks at 1540 and 1645 cm’!
(characteristic of amide bands), indicates the successful
conversion of the polyimide precursor via dehydration and
cyclization [38]. The results showed that the imidization was
almost complete, and the composites was successfully prepared
in this work.

Fig. S4 show the full XPS spectra of all the samples, the
binding energies of five films at 532, 400, 285, 154, and 102 eV
represent the O 1s, N 1s, C 1s, Si 2s, Si 2p orbitals, respectively.
The weak Si signal present in PI may be due to contamination of
the glass plate onto the sample surface during sample
preparation. Fig. 3(a) is five Cls fine spectra, and the three
peaks nearby 284.6, 285.4 and 288.4 eV represent C—C, C—N,
and N—C=0 bonds [39-41]. However, the samples of NMP/PI,
NSP/PI, SNMP/PI and 8NSP/PI were confirmed the presence of
C-Si by 284.2 eV peak. The peak of 400.2 eV in Nls (Fig. 3(b))
can be attributed to the C—N bond of the amide in PI [19]. The
high-resolution O 1s spectra (Fig. 3(c)) can be deconvoluted into
two or three peaks. The peaks around 532.1 and 533.4 eV are
assigned to C—O and C=0 bonds, respectively, while the peak at
534 eV can be attributed to the Si-O—Si bond formed after the
introduction of POSS into the polyimide matrix [42]. Si 2p fine
spectrums (3d) of NMP/PI, NSP/PI, SNMP/PI and 8NSP/PI
could be deconvoluted into two energy levels, respectively, the
binding energies around 102 and 103 eV indicate the presence of
Si—C and the Si—O bonds [43, 44].
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Figure 2 The XRD (a) and FT-IR (b) spectrum of PI, NMP/PI, NSP/P1, 8NMP/PI and 8NSP/PL
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3.2. Thermal analysis of composites the reported 7, values of polypyromellitimide in the literature

. [11]. The thermal analysis results of PI and its POSS composites
Figs. 4(a) and «b) show the TGA and DSC curves Of. the films are shown in Table 1. After introducing POSS, the T, of all
samples, respectively. The TGA curves of all samples indicate {6 compdsites increased, with the side-chain grafted PI
that the polyimide begins to decompose around 500°C. At 5% . Y .

oht 1 the d ion © ture (T ¢ PLi demonstrating more significant enhancement. This improvement
ngeég3o COSS’h.l N thecompfo Sliﬁ\(/)[; /Pelm I;\?g}) /Ir’(; (75 g) ;lellg/epl o could be attributed the steric hindrance effect of the bulky side-

- Vtvll ¢ 5 Ogcisg OIt . Iﬂ’l p ’tl?nt d .t.are chain molecules, which restricts the movement of the PI main
approximately : 15 worth noting ao ccomigs K chains, thereby elevating the glass transition temperature [45,
temperature of SNSP/PI film has reached 515.'1 .C’ achieving an 46]. The results show that the POSS not only does not destroy
enhancemen.t Of,18'8 C compared to the pristine PI .ﬁlm. Thy the intrinsic thermal properties of polyimide, but even increases
DSC curve in Fig. 4(b) shows that the pure PI exhibits a glass its pyrolysis and glass transition temperature
transition temperature (7,) of 372.2°C, which is consistent with '
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Figure 4 (a) and (b) are the TG and DSC curves of PI, NMP/PI, NSP/PI, SNMP/PI and 8NSP/PI.
Table 1. Thermal analysis results of pure PI and POSS/PI composites films.

Samples Ts0, (C) T. (C) Ts¢; increase (C) T, increase ('C)
PI 496.3 372.2 \ \
NMP/PI 507.7 385.8 11.4 13.6
NSP/PI 508.8 388.0 12.5 15.8
8NMP/PI 507.7 386.3 11.4 14.1
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8NSP/PL 515.1 388.5

18.8 16.3

Both pure polyimide and composite films were subjected to
the UL-94 vertical burning test. Figs. 5 and S5 demonstrate the
combustion state of the films at different time intervals. The
samples exhibited low smoke emission and almost no melting
drips during combustion. Particularly for the POSS-modified
films, they immediately self-extinguished after flame removal,

achieving a UL-94 V-0 rating. The excellent flame-retardant
properties could be attributed to the protective char layer formed
from pyrolyzed PI molecular chains (Fig. 6), while the dense
SiO; layer generated by POSS under high temperatures further
inhibited flame propagation [47-49].

Figure 5 UL-94 digital images of NMP/PI (a), NSP/PI (b), 8NMP/PI (c) and 8NSP/PI (d).
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Composite
films

Figure 6 Flame retardant mechanism of the composite films.

3.3 Mechanical analysis

Figs. 7(al-a5) are the optical images of the PI, NMP/PI, NSP/PI,
8NMP/PI and 8NSP/PI films, it can be seen that the surface of PI
and other composites are smooth and exhibit good light
transmittance. Figs. 7(b1-b5) are SEM images of PI, NMP/PI,
NSP/PI, SNMP/PI and 8NSP/PI, respectively, and the surface of
the pure PI film is smooth and flat, without obvious impurities. It
can be seen from Figs. S6(a) and (b) that NH»-POSS and 8NH>-
POSS have two-dimensional sheet structure, with sizes ranging
from nanometers to micrometers. The lamellar particles of the
POSS main chain linked NMP/PI and 8NMP/PI in Figs. 7(b2) and
7(b4) are evenly dispersed, due to the sonication before synthesis.
The POSS distribution in Figs. 7(b3) and 7(b5) tends to be stacked,
which is due to the viscosity of the polyimide precursor leading to
the POSS in the subsequent process unable to disperse completely
during the reaction. The SEM and energy dispersive spectroscopy
(EDS) mapping images of the 8NMP/PI and 8NSP/PI in Figs. S7
(a, b) show that the elements such as C, O, and N are distributed
homogeneously, the Si element is concentrated in the region of
particle hybridization. Fig. 7(c) displays the stress-strain curves of
all samples. The PI film demonstrates a tensile strength of 88.1
MPa (Fig. 7(d)) and elongation at break of 22.2% (Fig. 7(e)).
However, both NMP/PI and 8NSP/PI hybrid materials exhibit
inferior mechanical properties compared to the pure film. This
phenomenon can be explained that the mono-amino groups in
NH>-POSS tend to terminate the molecular chains of polyimide
when incorporated into the main chain structure, preventing the
formation of long polymer chains for NMP/PI. This chain
termination effect ultimately reduces composites both tensile
strength and fracture elongation relative to the PI film. For
8NSP/PI, the decreased breaking elongation (down to18.9%) may
result from two concurrent mechanisms. On the one hand, the
agglomeration effect caused by POSS particles during side chain
incorporation. On the other hand, the restricted material flexibility
due to lateral cross-linked structures formed between multiple
terminal active groups on POSS and PI molecular chains [50-52].
In NSP/PI composites, although NH>-POSS exhibits some
aggregation, the its smaller size structure forms an interface with
PI could reduce cracks between molecular chains [53].
Additionally, the mono-amino groups preserve the integrity of the
polymer molecular chain structure, resulting in the maintenance of
the elongation at break. The excellent dispersion of 8NH,-POSS
and its favorable interfacial compatibility with PI play a vital role
in improving the tensile strength of 8NMP/PI. The chemical
grafting of active groups on the cage-like POSS to the main chains
of polyimide molecules enhances the composites’ stability. When
the material is subjected to mechanical stress, the external load can

A

N

Cheng et al

Char layer

be effectively transferred to the rigid POSS cages via these
chemical bonds, which enhances the tensile strength of the material
[54]. Furthermore, the improvement in elongation at break can be
attributed to the introduction of hollow cage-like POSS structures,
which increase the free volume within the composite films. This
phenomenon impedes the tight stacking of PI molecular chains,
allowing for local chain rotation before fracture, thereby improving
the elongation at break of the polyimide. Consequently, the
8NMP/PI hybrid film achieves the average tensile strength of 103.6
MPa and a breaking elongation of 25.8 %, being improvements of
17.7% and 16.2 %, respectively, compared to pure PI.

3.4 Electrical analysis

The dielectric parameters can effectively reflect its charge storage
and polarization capacity [55]. Figs. 8a and 8b illustrate the
dielectric and dielectric losses of the composites at different
frequencies, respectively. The decrease in dielectric constant with
increasing frequency can be attributed to the relaxation
phenomenon of various polarization effects within the sample,
especially dipole polarization. The dipole polarization could not
respond to the alternating electric field at high frequencies [56, 57],
leading to a decrease in overall polarization. The dielectric constant
of pure PI is within the range of 3.08-3.16. The overall dielectric
constant of all hybrid materials decreases, primarily due to the
increased free volume in the composites and the intrinsic porosity
introduced by POSS [58]. For 8NH:-POSS, its large surface
dimensions could introduce more free volume in composites.
Furthermore, the eight amino groups on POSS react with the
carboxyl groups (polar functional groups) on the polymer
molecular chains to form peptide bonds, thereby reducing the
polarity of the hybrid material. As a result, the dielectric constant
of 8NMP/PI decreases to 2.87-2.94. In the case of SNSP/PI hybrid
materials, the side-chain grafting may introduce additional free
volume, leading to a further reduction in the dielectric constant to
2.70-2.76. Compared to pure PI films, SNMP/PI and 8NSP/PI have
a lower dielectric loss. The dielectric loss of NMP/PI and NSP/PI
is almost the same as that of the pure film at low frequencies, while
at high frequencies, the dielectric loss begins to decrease. It
indicates that the incorporation of POSS reduces dielectric loss at
high frequencies by weakening the composites' dielectric response.
Fig. 8(c) shows the average breakdown field strength of composite
films at power frequency 50, 500 and 5000 Hz. It can be seen from
polyline variation, the breakdown field strength decreases with
increasing frequency, indicating that higher frequency electric
fields cause more severe damage to insulating materials. The PI
film exhibits a breakdown field strength of 178.8 kV/mm at power
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frequency, then decreases to 165.4 kV/mm at 5000 Hz which have

Cheng et al
a 7.5% reduction compared to the power frequency.
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All POSS/PI hybrid materials show enhanced breakdown strength
(Fig. S8 includes error bars). The breakdown field strength of
8NMP/PI has reached 235.2 kV/mm at power frequency, marking a
31.5% improvement over the PI film. SNMP/PI also maintains a
breakdown field strength of 217.8 kV/mm at 5000 Hz,
corresponding to a 31.7% enhancement compared to the pure film.
These results indicate that frequency would not significantly
impact the breakdown field strength improvement of the composite
materials. The breakdown voltages of different samples are
analyzed using the two-parameter Weibull distribution algorithm.
The expression for the cumulative failure probability of breakdown
is given as [9]

£\P
P@):l—e‘@ﬂ

Where P(E) is the cumulative breakdown probability, £ and
Ey, are the actual breakdown field and characteristic Weibull
breakdown strength (63.2% failure probability), respectively. S is
the shape parameter which reflects the scatter of breakdown
voltage. Figs. 8(d-f) illustrate the Weibull distribution curves under
power frequency 50, 500 and 5000 Hz, respectively. The electric
fields corresponding to a 63.2% breakdown failure probability for
PI, NMP/PI, NSP/PI, 8NMP/PI, and 8NSP/PI are 182.2, 190.1,
202.9, 239.9, and 220.1 kV/mm at 50 Hz, respectively. The
modified PI exhibited a maximum enhancement of 57.7 kV/mm
compared to pure PI. Under the three frequencies, the breakdown
field strengths of the composites at the 63.2% breakdown failure
probability are all improved compared to pure PI, especially
8NMP/PI and 8NSP/PI. The low dielectric constant indicated that
there was less polarization in the materials, and the cross-linked
network structure effectively restricted carrier migration [59, 60],
thereby significantly improving the breakdown field strength of the

composite films.

The discharge phenomenon of 8NSP/PI was observed by
optical images in Fig. 9(a) at 2.5 kV-5kHz voltage and frequency
(Fig. S9 is voltage waveform), and it exhibited uniform discharge
arc. Fig. 9(b) shows the image of the sample breakdown after
accelerated aging in Fig. 9(a). It can be seen that the central area of
the contact electrode is burned out a small hole (Fig. S10 is the
optical micrograph of the central breakdown region of the
8NMP/PI film). Fig. 9(c) illustrates the electrical breakdown
process of the polymer molecular chains. The number of broken
C-N and —C—O—C- bonds within chain segments increases with
the extension of aging time under high-frequency and high-voltage
conditions. Fig. 9(d) shows the partial discharge inception voltages
(corona inception voltages) of the five films. The average
discharge inception voltage of the pure film is 1.93 kV, while that
of NMP/PI is 2.13 kV which has a 10.4% increase compared with
the pure film. Fig. 9(e) displays the Weibull distribution of the
discharge inception probability for the films, the voltages
corresponding to a 63.2% discharge probability for PI, NMP/PI,
NSP/PI, 8NMP/PI, and 8NSP/PI are 1.96, 2.05, 2.01, 2.16, and
2.07 kV, respectively. These results confirm that the POSS cage
structure mitigates electric field distortion by homogenizing charge
distribution to effectively suppress discharge in the composite
materials [61]. The corona resistance time of different films under
accelerated aging conditions at 2.5 kV-5 kHz voltage and
frequency was obtained by Fig. 9(f). The average corona resistance
lifetime of SNMP/PI reached 498 s, which is an increase of 63.3%,
24.3%, 25.9%, and 18.1% compared to pure PI (305 s), NMP/PI
(400.8 s), NSP/PI (395.6 s), and 8NSP/PI (421.8 s), respectively.
Notably, the corona resistance time corresponding to a general
failure probability (63.2%) in Weibull distribution is closely
correlated with the average corona resistance time of all samples

(Fig. 9(2)).
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As shown in Fig. 9(h), the enhanced corona resistance of
POSS-modified composites can be attributed to its cage-like
organic-inorganic structure and interfacial reinforcement effect
(via chemical bonding) with organic matrices, which passivates
internal micro-defects. Particularly in the SNMP/PI composites,
uniformly dispersed 8NH»-POSS particles effectively obstruct
the corona-induced damage propagation path and prolong the
voltage breakdown pathway. As high-energy electrons
propagate through the material, the scattering occurs on
collisions with POSS particles. This process attenuates the
electrons’ energy, which further suppresses the formation and
development of electron avalanches. Moreover, the introduced
POSS particles may create abundant deep traps capable of
capturing high-energy electrons and reduce space charge
accumulation within the material may be a critical reason to
improve the corona resistance of the composites. Meanwhile, the
substantial amounts of ions such as O; = , HO™ ,Hsz O" ,and
NO* will be generated on the polyimide surface during corona
discharge processes [62, 63]. Notably, the SiO; structure within
POSS can exhibit outstanding resistance to atomic oxygen,
effectively inhibiting surface oxidation of the film during corona
discharge. The evident improvement in the material’s corona
resistance time is primarily attributed to the synergistic
mechanism between the erosion resistance of the inorganic
skeleton and the modulation of deep trap energy levels. In short,
POSS modified polyimide could be an excellent candidate for a
high electrical performance material.

4 Conclusions

In summary, polyhedral oligomeric silsesquioxane cross-linking
network in polyimide was constructed by different grafting
methods. The 8NMP/PI exhibited stable thermodynamics and
outstanding mechanical properties with a high tensile strength
(103.6 MPa) and an enhanced breaking elongation, which
improved 17.6 % and 16.2 % than PI film, respectively. All
POSS/PI  hybrid materials demonstrate lower dielectric
properties, higher breakdown strength, and superior corona
resistance characteristics, which are attributed to the unique
cage-like structure and intrinsic properties of POSS. Specifically,
the 8NMP/PI composites exhibit breakdown strength
improvements of 31.5, 32.7, and 31.7% compared to pure PI at
50, 500 and 5000 Hz, respectively. Under accelerated aging
conditions at 2.5 kV-5000 Hz, 8NMP/PI average corona
resistance time reached 498 s, being more than PI by 63.3 %.
These results demonstrate that using the distinctive cage-like
architecture of POSS and organic-inorganic  hybrid
characteristics to modify polymer matrix has emerged as an
innovative strategy for significantly enhancing both mechanical
and electrical performance.

Electronic Supplementary Material: Supplementary material
(mechanism reaction of samples and the test systems for
breakdown and corona resistance of films. Additional
experimental details including the POSS fillers and the
composites’ digital images, SEM images, XRD and XPS spectra,
aging voltage waveform, breakdown field strength)

Data availability

All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
Material. Additional data related to this paper may be requested
from the corresponding author upon request.
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Figure S1 The synthetic reaction equation schematic diagram of SNSP/PL
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Figure S2 Breakdown and corona resistance of PI and other composite films test systems.
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Figure S3 The XRD spectrum of NH»-POSS (a) and 8NH>-POSS (b).

A bl oot Srimes i coesiomaren |




O1s

8NSP/PI N 1s

Si2s Si2p

.

SNMP/PI

NSP/PI

NMP/PI

Pl

Intensity (a.u.)

1000 B(IJO 6(|JO 460 260 0
Binding Energy (eV)

Figure S4 XPS full spectrum of PI, NMP/PI, NSP/PI, SNMP/PI and 8NSP/PI.
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Figure S5 UL-94 digital images of PI.
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Figure S6 The SEM of images NH>-POSS (a) and 8NH>-POSS (b).



Figure S7 The SEM and energy dispersive spectroscopy (EDS) mapping images of the 8NMP/PI (a) and 8NSP/PI (b).
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Figure S8 The average breakdown field strength and error bars of PI, NMP/PI, NSP/PI, 8NMP/PI and 8NSP/PI at 50, 500 and
5000 Hz.
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Fig. S9. The accelerated aging voltage waveform at 2.5 kV-5kHz.
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Fig. S10. The optical micrograph of the central breakdown region of the SNMP/PI film.
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