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Fig. 1 Synthesis of M1 and M2.
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Fig. 3 Fractional free volume (FFV) chart of POFEQ (a), POFEQA (b), POFEQD (c) in Materials Studio (MS).
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Table 1 Results of MS simulations.

Polymer Number of repeats Occupied volume (nm?) Free volume (nm?) FFV (%)
P6FEQ 50 32.84 10.51 24.3

P6FEQA 50 30.28 10.04 24.9

P6FEQD 50 30.17 10.12 25.1

24.3%, 5l NHEEH 451 5 POFEQA [ FFV F+
%24.9%, 1 A 4544 Y POFEQD i3t — 30 7t &2
25.1%. FFV 13648 Ji 55 40 55 HEAR 25 FE 1 22
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Table 2 Dielectric properties, molecular weight and poly-
dispersity of POFEQX.

Polymer D, @15GHz D;@15GHz M, (kDa) PDI
P6FEQ 2.586 0.00621 495 218
P6FEQA 2.463 0.00467 425 227
P6FEQD 2.385 0.00344 545 222
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Fig. 4 (a) DSC thermograms of POFEQX in N,; (b) TGA thermograms of POFEQX in N,; (c) CTE curves of PGFEQX; DMA traces
of (d) P6FEQ, (¢) P6FEQA and (f) PGFEQD in N,; (g) Tensile strength chart for POFEQX; (h) Stress-strain curves for POFEQX.

Table 3 Thermal and mechanical properties, water absorption, and CTE of POFEQX.

Polymer T, T, ® Ty 50, Tensile strength Elongation Water absorption CTE
(°C) (°C) (°C) (MPa) at break (%) (Wt%) (x1073/K)

P6FEQ 255 263 544 81.5 8.4 0.61 7.567

P6FEQA 213 213 533 76.9 52 0.60 8.194

P6FEQD 214 221 527 65.8 4.0 0.65 8.600

2 Measured by DMA.
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Research Article

Asymmetric Quinoxaline-induced Main-chain Twisting for
High-frequency Low-loss Poly(aryl ether)s

Zhi-chao Yang'?, Li-shuai Zong!?3", Jin-yan Wang'23", Xi-gao Jian!-%3
(!State Key Laboratory of Fine Chemicals, Frontier Science Center for Smart Materials, School of Chemical Engineering,
2Department of Polymer Science and Materials, Dalian University of Technology, Dalian 116024)
(3Liaoning Province Technology Innovation Center of High Performance Resin Materials, Dalian 116012)

Abstract To address the urgent demand for low-dielectric-constant polymer dielectrics in high-frequency
communication technologies, this study proposes a new strategy for modulating chain conformation through
main-chain engineering to reduce the dielectric constant (D,) and dielectric loss (Dy). Distinct from conventional
approaches that enhance rigidity or introduce flexible segments, we aimed to introduce controlled molecular
twists while maintaining main-chain rigidity, thereby simultaneously increasing free volume and restricting dipole
motion. To this end, two novel asymmetric single-quinoxaline-based difluoro monomers with different bond
angles were designed and synthesized, and copolymerized with the fluorinated bisphenol 6F-BPA to successfully
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prepare poly(aryl ether)s, namely POFEQA and PO6FEQD, with varying degrees of main-chain twisting. For
comparison, a linear polymer, P6FEQ, was synthesized using a symmetric bis-quinoxaline monomer. Systematic
investigations revealed that increasing the degree of main-chain twist effectively attenuates the macroscopic
polarization response by reducing packing density and strongly suppresses dipole relaxation through conformational
locking. Among the obtained polymers, POFEQD, which exhibited the highest degree of twisting, demonstrated
the most outstanding dielectric performance at 15 GHz, with a D, as low as 2.385 and a Dy of only 0.00344,
which was nearly an order of magnitude lower than the typical loss values of commercial poly(ether ether ketone)
(PEEK) in the GHz frequency range. Notably, the monomers employed are readily synthesizable. This work provides a
clear paradigm and mechanistic elucidation for achieving high-frequency dielectric performance optimization through
“rigid-twist” molecular design.
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