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Introduction

Polymer dielectric materials are featured with various merits such as good processability, flexibility, light-weight, low cost, and high breakdown strength [1][2][3][4][5][6] ,

which have been extensively applied to advanced electronic devices such as capacitor, actuator, sensor and electro-magnetic interference shielding [7][8][9][10][11][12] . However, most of polymers bear intrinsically low dielectric constant because of the low dipole moments of the chemical bonds in spite of other excellent dielectric properties. Ferroelectric polymers such as polyvinylidene fluoride (PVDF) and its copolymers enjoy a relatively high dielectric constant thanks to the high polarization of the C-F bonds and the spontaneous orientation of dipoles in the crystalline domains. However, their considerable dielectric loss is an unfavorable trait [13][14][15][16][17] . Therefore, developing polymer dielectric materials with excellent overall dielectric properties is of vital significance for their applications in the electronic and electrical industry.

The studies on blending polar polymers such as PVDF with dielectric nanoparticles such as BaTiO3 (BT) have been conducted to enhance the dielectric constant of polymer nanocomposites and significant progress has been made [18][19][20] . This is due to the fact that the intrinsic polarizations of both dielectric nanoparticles and polar polymers can be explored at the same time. To take full advantage of their intrinsic polarizations, developing highly-filled polar polymer nanocomposites is one of the most effectively strategies that allows for largely enhanced dielectric constant.

Unfortunately, several defects such as nonuniform dispersion of nanoparticles, incompatible interfaces, as well as voids tend to be formed in the highly-filled polar polymer nanocomposites [21][22][23] . Then, charge separation at the incompatible interfaces, intensified local electric field and leakage current easily occur in the polymer nanocomposites, which cause degraded dielectric properties, in particular the dielectric loss and breakdown strength [24][25][26][27][28][29][30][31] . To date, the optimum loading of nanoparticles in polar polymer nanocomposites for excellent overall dielectric properties has been achieved within a relatively low content. This is due to the fact that relatively weak intermolecular forces such as hydrogen bond between polar polymers and nanoparticles fail to support sufficiently strong interface interaction in highly-filled polymer nanocomposites.

Constructing sufficient covalent bonds between polar polymer and nanoparticles is of great interest to avoid the formation of defects in highly-filled polymer nanocomposites. To date, ''grafting to'' and ''grafting from'' means have been used to chemically bond nanoparticles with polymers for strengthening the interfacial interactions [21,[32][33][34][35][36][37][38][39] . In our previous work, more than 88 wt.% BT nanoparticles are chemically bonded with a nonpolar silicone rubber (SR) via "thiolene click" technique [40] . The intrinsic polarizations of nanoparticles was extremely utilized, which gives rise to greatly improved dielectric properties in polymer nanocomposites. Numerous studies have shown that incorporating polar groups into the side and/or main chains of polymers also significantly promotes the dielectric constant of polymer nanocomposites [41][42][43][44] . However, highly-filled polar polymer nanocomposites ( > 80 wt%) are still to be explored. It makes use of intrinsic polarizations of both polar polymers and dielectric nanoparticles to an extreme. Then, dielectric constant, dielectric loss as well as breakdown strength can be compromised for excellent overall dielectric properties of polymer nanocomposites.

In 

Results and discussion

Fabrication of highly-filled polar polymer nanocomposites

Fabricating the highly-filled polar polymer nanocomposites includes three steps, as depicted in Figure 1.

Step 1: Two kinds of monomer 1, 3, 5, 7-tetravinyl-1, 3, 5, 7tetramethylcyclotetrasiloxane (V4) and 1, 3, 5-Trimethyl-1, 3, 5-tris(3, 3, 3trifluoropropyl) cyclotrisiloxane (D3F) with an volume ratio of 4: 6, the initiator tetramethylammonium hydroxide (TMAH) are mixed together. Then, a kind of fluorinated polysiloxane is obtained after triggering anionic ring opening polymerization [45] .

Step 2: BT nanoparticles are first treated with hydrogen peroxide aqueous solution to form hydroxyl groups on the surface of the nanoparticles (BT-OH). Then BT nanoparticles are further modified with KH580 to achieve the sulfhydryl modification (BT-SH) [46] . Step 3: the BT-SH (82 wt.%, 84 wt.%, 86 wt.%, 88 wt.% and 90 wt.%), the fluorinated polysiloxane, a cross-linker 3, 6-Dioxa-1, 8octanedithiol (DODT) and a radical initiator 2, 2-dimethoxy-2-phenylacetophenone (DMPA) are compounded together with toluene. Afterwards, conventional tableting technique is applied to initially fabricate the samples with a pressure of 1.5 MPa for 1 minute. Following that, an isostatic pressing technique is applied to further press the prefabricated samples with a greatly high pressure of 260 MPa for 10 minutes [40] .

Finally, BT nanoparticles are chemically bonded with FSR in the samples when a typical "thiol-ene click" reaction is triggered at 80 °C. eV) and sulphur (S2p at 163.55 eV) are clearly observed in the wide scan spectrum [46] , as shown in Figure 3 according to thermal weight loss. BT/SR nanocomposite with 88 wt.% BT, which is completely consistent with our previous work [45] . This is because all the thiols on the surfaces of BT nanoparticles can react with the excess enes (-CH=CH2) in the polymethylvinylsiloxane chains via as chain segments and side chains tend to be hindered by other chain segments or side chains when they respond to the external electric field [13,[47][48] . Thus, obvious relaxation of the dipole can be found at lower frequency, which causes a significant increase of dielectric loss. S2. According to the EMT model, good conformity had been found

Morphologies of highly-filled polar polymer nanocomposites

for highly filled BT/SR nanocomposites [40] . However, it can be seen that the experiment dielectric constant of highly filled BT/FSR nanocomposites fails to well match with the EMT model. Instead, the J-S theoretical model can describe the trend of the dielectric constant for the nanocomposites, as depicted in Figure S3. The reason is probably that EMT model is related to the filler loading and the morphology of composites while J-S model is related to the interactions between particles [49] . For the polar polymer matrix, this relationship is more applicable to the interaction between polar polymer matrix and dielectric nanoparticles under external electric field.

So J-S model seems suitable for the BT/FSR nanocomposites. Despite that, polar polymer nanocomposites display higher dielectric constant than non-polar polymer nanocomposites due to the additional polarization from the polar polymer matrix.

Therefore, integrating fluorinated silicone rubber and high loading BT nanoparticles can make the best of their intrinsic polarizations for greatly enhanced dielectric constant of polymer nanocomposites.

Conclusion

In this work, high loading BT nanoparticles are chemically bonded with fluorinated silicone rubber via thiol-ene click technique, leading to uniform dispersion of nanoparticles and good interfacial compatibility in highly filled polar polymer nanocomposites. In addition, desirable morphologies promote exploiting the polarizations of fluorinated silicone rubber and BT nanoparticles. 88 wt.% BT/FSR nanocomposite shows about 1.45 times higher dielectric constant at 10 3 Hz and 80 kV/cm higher breakdown strength than that of 88 wt.% BT/SR nanocomposite.

Meanwhile, the dielectric loss of BT/FSR nanocomposite gradually decreases from 90 to 82 wt.% BT loading and the lowest value is comparable to neat polymer. This work provides an effective strategy to explore the integrated properties of highly-filled polymer nanocomposites.

Experimental section

Materials: BaTiO3 (BT) nanoparticles (HBT-010, 𝑑 ̅ ≈100 nm, tetragonal crystal)

were supplied by Shandong Sinocera Functional Material Company. Surface modification of BT nanoparticles: A two-step modification was used for surface treatment of nanoparticles. First, a mixture with nanoparticles and H2O2 solution was first ultrasonically treated for 30 minutes and then heated at 105 °C for 9h under intense stirring with reflux. After that, the mixture was centrifuged for washing with deionized water and ethanol repeatedly, and dried under vacuum in sequence. Second, the dried product was added into toluene and ultrasonically treated again. Then, KH580 was introduced into the mixture and stirred at 30 °C under N2 atmosphere for 48h. After that, the mixture was centrifuged for washing with toluene repeatedly and dried under vacuum at room temperature in sequence. Finally, sulfhydrylated BaTiO3 nanoparticles (BT-SH) were obtained.

Synthesis of fluorinated polysiloxane: V4 and D3F (with a volume ratio of 4:6) as the monomers and TMAH as the initiator were applied to synthesize Poly(methylvinylsiloxane-methyltrifluoropropylsiloxane) via anionic ring opening polymerization. For comparison, Polymethylvinylsiloxane is also prepared according to the same preparation method of fluorinated polysiloxane with V4 as monomer.
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 1 Figure 1. Schematic illustration for the fabrication route towards highly-filled polar polymer nanocompositesTable1. Shore D hardness of the highly-filled polymer nanocomposites BT loading 82 wt% 84 wt% 86 wt% 88 wt% 90 wt% Shore D 46 48 51 55 58 Chain structures of the prepared polysiloxanes are determined by FT-IR and 1H NMR techniques, respectively. As depicted inFigure 2(a), both the polysiloxanes display strong peaks at 1598.7 cm -1 for vinyl group. Furthermore, the fluorinated polysiloxane shows more characteristic peaks, including C-F band at 1210.6 cm -1 , C-C band of -CH2-CF3 at 901.1 cm -1 , C-C band of -CH2-CH2-at 1315.7 cm -1 , and C-H band of -CH2-CH2-at 1128.6 cm -1 . This is due to the fact that the fluorinated polysiloxane possesses the side chain of trifluoropropyl groups (-CH2CF3) while the polymethylvinylsiloxane without. As depicted in Figure 2(b), the main H chemical shift peak appears at δ = 0.25 ppm, δ = 0.8 ppm, δ = 2.1 ppm, δ = 5.8 ppm and δ = 5.9 ppm, corresponding to the H chemical shifts of Si-CH3(a), Si-CH2-(b), -CH2-CF3(c), -CH= (d) and =CH2 (e) respectively. The chemical shift integral area ratio of Peak b, Peak c and Peak e is approximately 1:1:1.25. Therefore, the fluorinated polysiloxane is a typical block copolymer and its block ratio of m to n is 5:4.

Figure 2 .

 2 Figure 2. (a) FT-IR spectrum and (b) 1H NMR spectrum of the prepared polysiloxane and its fluoropolymer.

Figure 3 .

 3 Figure 3. Wide-scan XPS spectrum of (A) neat BT and (B) BT-SH; (C) S2p and (D) Si2p spectrum of BT-SH.

  (a) and Figure 3(b). The signals of S and Si on the surfaces of BT-SH nanoparticles are further confirmed in Figure 3(c) and Figure 3(d). To determine the grafting density of -SH on BT nanoparticles, TGA test is conducted, as shown in Figure S1. The results also indicate -SH is successfully grafted on the surfaces of BT nanoparticles and its grafting density is about 10.3 groups nm -2
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 44 Figure 4. SEM images of BT/FSR (a, b) and BT/SR (c, d) nanocomposites with 88wt.% BT nanoparticles

Figure S2 .

 S2 Figure S2. Fewer defects can be found in the nanocomposite with the lower BT loadings.
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 56410 Figure 5. TEM results of 88 wt.% BT/FSR nanocomposites, (a, b) TEM images and (c) TEM-EDX mapping.

Figure 6 .

 6 Figure 6. Dielectric properties of neat polymers and its highly-filled nanocomposites

3 )Figure 7 .

 37 Figure 7. Cumulative failure probability of neat polymers and their highly-filled polymer nanocomposites

  exhibit superior uniformity.The side chain in the fluorinated polysiloxane has intrinsic dipoles (C-F) that can produce strong oriented polarization under external electric field. Then it contributes to relatively high dielectric constant. However, the response speed of the dipoles cannot keep up with the alternating external electric field at high frequency, which causes deflection disorder and internal friction, as depicted in Figure8(a). Therefore, the dielectric constant of the FSR decreases and its dielectric loss increases as increasing the frequency. For the orientation polarization of dipoles, the occurring frequency of obvious relaxation is positively related to the regularity of the environment around the dipole. Polar polymers are different from highly ordered ferroelectric ceramic, which are in short-range ordered. Dipoles within polymers such

Figure 8 .Figure 8 (

 88 Figure 8. Schematic of dipole polarization in polar polymer (a) and its nanocomposites (b) under external electric field
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 3 Mercaptopropyl) triethoxysilane (KH580), tetramethylammonium hydroxide (TMAH), 3, 6-Dioxa-1, 8-octanedithioln, and 2, 2-Dimethoxy-2-phenylacetophenone (DMPA) were purchased from Shanghai Aladdin Bio-Chem Technology Co., LTD. 1,3,5,7tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4) and 1,3,5-Trimethyl-1,3,5tris(3,3,3-trifluoropropyl)cyclotrisiloxane (D3F) were purchased from Guangdong Weng Jiang Reagent Co., Ltd. Hydrogen peroxide solution (H2O2 solution, 30 wt.%), ethanol and toluene were purchased from Chengdu Ke Long Reagent Co., Ltd. All the materials were directly used without treatment.

Table 1

 1 

lists Shore D hardness of the highly-filled polymer nanocomposites. The hardness increases from 45 D to 58 D with increasing the BT nanoparticles. It indicates the highly filled silicone rubber nanocomposite displays almost ceramic-like rigidity rather rubber-like flexibility.
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Preparation of BaTiO3/ fluorinated silicone rubber (BT/FSR) nanocomposites:

Functional nanoparticles (BT-SH), fluorinated polysiloxane, cross-linker, and initiator were mixed with toluene under intense stirring. The toluene was removed under vacuum at room temperature. Then the powder was put into a mold and initially pressed at 1.0 MPa for 1 minute. After that, the pill was isostatically pressed at 260 MPa for 10 mins. Finally, the pressed pill was treated under vacuum at 80°C for 24h and the BT/FSR nanocomposites were obtained. For comparison, BaTiO3/silicone rubber (BT/SR) nanocomposites were prepared completely according to the same preparation method, which is used to highlight the roles of the fluoropolymer in the dielectric properties of highly-filled polymer nanocomposites. The measured density of the nanocomposites filled with 88 wt % BT is about 5.38 g/cm 3 .

Structure characterization and performance evaluation: Fourier transform infrared spectrometer (FT-IR, IS50, Nicolet, USA) and superconducting nuclear magnetic resonance spectrometer (NMR, AVANCE 111600MHZ, Bruker, Swiss) were applied to characterize the structure of the prepared polysiloxanes. The scanning electron microscope (SEM, JSM-7610F, JEOL, Japan) and the transmission electron microscope (TEM, Libra200, Carl Zeiss, Germany) were applied to examine the morphologies of the polymer nanocomposites. The TEM-EDX was used to characterize the elemental composition and distribution in the nanocomposites. The samples were sputtered with 8 mm diameter gold electrode on both sides. The dielectric properties were evaluated using Precision Impedance Analyzer (4294A, Agilent Technologies Inc., USA) at a range from 10 3 Hz to 10 7 Hz. Shore D hardness test was applied to evaluate effects of high loading BT nanoparticles on the hardness of polymer nanocomposites.
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