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Review on low-dielectric and low-loss organic materials based on
long-chain alkyl inductive effect

SHI Zichen, SHI Rongrui, DOU Zongao, YAN Xi'ao, LIU Yinquan,
LIN Nanyang, SUN Jing’, FANG Qiang’
(Shanghai Institute of Organic Chemistry, Shanghai 200032, China)

Abstract: The rapid development of 5G/6G high-frequency communication technology has placed unprecedented demands
on dielectric materials: they require an extremely low dielectric constant (D,<2.8) and dielectric loss (D,<107?). Moreover,
new low-dielectric materials must possess excellent hydrophobicity to ensure the long-term stability of their dielectric
properties. The intrinsic dielectric properties of traditional materials struggle to meet these requirements, while post-
modification strategies like pore generation often sacrifice mechanical performance. This paper systematically discussed a
novel design strategy for dielectric materials based on the “long alkyl chain-induced effect”, elaborated the synergistic
mechanism of reducing the dielectric constant and loss through free volume effects, polarity control, and trap mechanisms,
and emphatically introduced successful implementation in three major polymer systems: fluorene-based polymers,
alkylphenyl polymers, and bio-based cardanol polymers. In view of the excellent hydrophobic performance of the as-
designed materials, this paper also discussed their potential in ensuring the long-term stability of dielectric properties.
Finally, the future development trends and existing challenges in this research field were prospected.

Key words: non-fluorinated alkyl low-dielectric materials; long alkyl chains; oxygen-free dielectric materials; high-

frequency communications; benzocyclobutene

0 51§

5G IEAE AR, A5 5 A% i 1n) v A Ak (2= K K
BO A (B AL 51 22 1T IA 10 Gbps) FIMIK IR 4E
CHAR A1 ms) KB, A A B} 1) /i FL P RE 2 HY
TSR . 1E 4G K 2 BT AR A, 15 T A%
4 A R O LA, A% G v 43 TR G R R T R
SR AL HIAR IR T 2 SG I F 6 GHz Jh 222K

EE£WB: B R A AHF A2 TR B (22475229.22175195)

P (4128 GHz) SUBLIN , 45 5 F) 8 JBk 28 2 Jal 4%
BAREE 5 52 T 90, HAr B (D) RIS 285
T B R B A I A R R B R g L,
R T8 W S AR A e R, BT A%
Gi o B RHE VE RE I CLBOR B R DU 2 8 — AU
e as IO E L. AR A (PP AT ER I 96
s (PTFE) IX — & B8 0 et R 4 A A AW A 1) e 2
20, RO AR B B H B (D) A D, BEE BT 1
T 2 A1 LR BE A 75 SR (ELTR A RE 22 0 I TR X



26 QL aha}

2026,59(6)

UM 558 J5E A A2 25 R s, BRE 17 e AT E vy i 400355 1 B2
FHEM T TS FA A REAIC S5 10 T T8 AR A1 00 SR It IF
iy AR VS T ) D AN Dl e 5 53U S AR AR
PR AT RS 5G ARV A R I 1 BE 1R R 2

SR, 451 11 WL R £k B3R D<3.01, [RI R 225K D,

<0.005, 1y ¥iig . FH 4535 0] 225k D<0.001%, L4 7
b AR R BR iR B8 (2,6— — I ZE ) (PPO) BRI 2K
HIT IR E = O ) kS e O SO AR ™= 1)
(DVS-BCB)P4 98 R 16 ik A i /2 A FL 1 BE 1 75
3K AR SRR B 75 B A U A S i A A MR v i A
PERE IR 10 3, PPO IR 75 22 o ik RO~T A2 e 1 22 1) ik
Ko XT DVS-BCB I 5 , W] PEARECAS , Jak /b — 2R
PR 7= P 1) A R, R R R A I R A . DR
BIF % R0 B JE 00 S A oL 12 e AR o 0 2 A SR 1)
REWAAIEE ERPNMENE L.

*1 ERNEANBEMBEND S D(200C,1 MHz)P %)
Table I D, and D, (20°C, 1 MHz) of common

commerical dielectric materials® 24232

MR B D, D,
iy P A i 5.0 0.10
2NN i 4.1 0.025
G SR i 3.8 0.010
TR e 2.8 0.008
Rk 2.7 0.003 2
AL 3.7 0.016
Bl 3.0 0.016
R 22 0.0003
PRI 3.4 0.010
AP 2.1 0.000 3
RV L 2.1 0.000 2
REmMAE LN 2.5 0.017
Bl 7.1 0.060
R LI 4.0 0.14
P W 7.4 0.009

NG RES AT, F 70 A1 PR 2l i AL 1Y
J7 BN ORI AR R BT, & LRI
O JEPRAE Tl R 5N A B BURIE 1.0 2L A
I a7 B R JR A A BRI, 3 PR (AR R B A A Fe
BT 2, A TTTAT R TH A4 R B e . RV
TG FLEARAE — e v A A R (H AR A [ 1=
B A« TG V8 A 2 3 L P I o5k 3 s A ) ik ) 6 52
FLI I 3 LA LA R R Sl NSk sk, =
AN Gt T B RL I A7 2 P RE T BEPS, EAhG
FLH T Z 2% HX S H0R 0y BU 1& L7 B

IRANE B B R SLRR KRR AN A1, TEA 24k
Ty 3 BUALAR I3 A1 AN 82 BUSL 25 4 B e, 28 170 51 S L 3
M A%, S T 8 AN AA R S F B G BB AR o 2 9
i 0l 7 B4 RS i LT RE T BUM R IOK R T
i = B RHE BRI T I/ AR fE

FEMETE 5T, ARG QDR E s 3R H T “ KB
ek (1775 T RN G RR A LPE RE VI B . 12
T A% 0 B 2 g K ot 2 A D AR A AR A i
PE7REHE SN BRI (28 I F 38 T 46 0 Ji -1 22 7, A
1 58 B 73 B 70 1 4 AR A A AL RS2 F H
X M AR R ER  h REAE  TRUE
BEAT SRR B BETE - K B AR B R B e 2 B AE AN
R G VNESL MR RT ST, A 2y K BE ], B
FFRIL T & AL B B AR AR A L i R 5 [F
I, A e B I BE AR AR R I A T 4K 7K T SR 0 SR IR Bt €
IDIE A, Joe 2 B XIS B 3 7T A Dy Ha A B BF S 3k —
I AR . OV E B A, NIPER) 95 & £ B
SERIAMEE T IR T A RE A A2 o I8 L 3K A
Z WL B[R] B Eh SR I 1 A 4t 5 ik i AT R B, O
& T — A PE AR A AR RE T — 2 2
TE B o AR SR TR 20 Bk TR e Bk 1) 15 3 2K
2 (A FALEE , O 7 6 3X — B8 I T T S B
T RBNE AR, i Jm e B 4 T KBk e 2 15 S RO
ISR AR AR OR R Fe s 35 AT ] 5 T s ) b e

1 K EiFS PN EE T B EaIHLH
/e

1.1 BHRARYNSEEEES

I H A2 R 258 Fig 1 A2 38 0 51 N T B AR
K JE T, 340 &1 4 i 2 (8] AR o 908 1 [ A 2
6], IXF B 92 1 BT AR AR A AT AR AL I R
T 585 FERT 2 L Sy e N B AR BN X e
Vi W DXIAS 2 R AR A KRR i 9L, DT DA A
BEAIS 7 AR R AL RE 77, A/ U B N B[R],
BT B o T BE FE Bt 2 B PRI, B B AR 5 7= 4R
{18 5t TR A0 il 2 PR ARG

R 5 28 81 1 Clausius-Mossotti 77 #£ , D, 5 ¥4
PR IS AR 20 (N, 5 60 R1 25 B 1E AH 5% AT 4y
T A (o) BLEAH G, (D PR .

D,-1_4n
D +2 =3 Na (D
MR OFTLE Y, D5 N IE L. K4k bk

PEN AR VA, BE A R KR & W B 18] B, B%




AT IREE R KB R T S AN (R F RS LA Bl 2R id

27

R HE B 8 B CAn I 1 BTz ) HLo e 6 M0 B 1) 51 N1 K
TR B BB D T AR B A R AR AL 155
A IS v U A B T 1 B (VD) T 3 2D,
B A

The Close Packing of the
Polymer Chains

N
5 e

@ :Hollow
Bl #MRELSRENEFSERREMEEEREE
Fig.1 Schematic diagram of the spacing between polymer

Alkyl-Side-Chains
Inducing

0000 : Alkyl Side Chain

chains increased by making hollows in the material and

inducing alkyl side chains

VFZ AT A T 3G A Rk B b 5 2 ik
R 5N T B IR E S50 HIX R 5 3
5y FBE 2 Ta) R I B 1Y) - HE S RN, B OK T
ik 2 TA) IR ME B % BE , AT 5 A0 A0 R IR A v 12
B LOU X J &G il 1 — ok AL 2 05 A 2 Ay
HL A ) (PNB2APS) , 38 i 15 4 NIl e Bk Ak 75 1 I
(NBAD LI, A RCHI 55 1 05 &R B R S i) o

HERRAE it — P BRAK T 05 IR R S W AE =i W
RS R, B A T RO IR Y
P(NB2APS-co-NBAd), 41 &l 2(a) i~ « A # i i3k 47
T4y T8 )15 AL, R I PNB2APS H T 3 %5k
ALRE , 5 B L R 2% FEALUN 1.18 g/em’®, H HAK
o> AN 40.2%. BT 3 T > & NBAd,
NB2APS-co-NBAd 1] % f& '~ ff & 1.12 g/em’, H
P A R 43 B N 3 41.6%. 4 W e 55 A Ak 55 &
BRI EE A 6.8 A YK HN 7.4 A IRET T m-m HES RN,
W 2(b) FT s« 24 NBAd I BE 7R 43 $0N 5% B,
P(NB2APS-co-NBAd)&R I 5 A% D1 kHz) .

1.2 MRS ST AL

D, F BRE T A8 AR ¥ 3 AR AR 1 B S e R
AL A5 88D AR T 19 78 [ I8 # (L 3 AR D24,
ot FEEE AR PR C-C 5 C-H B4 i, FL B A 2 /)
TREWH % WLH-C=0.-C-0-C—.—~OH %5 3 il P
B[ ot B EEAE N ARAR MR BT, AR T AR
AAE A ARALZ GBI T AR AR LE SN [ 1A
WAk, 72 SRAFE DR S

(@ : Q Q Q !
ﬁ0+oﬁ*0i gyo o %
ofe & oI o, U0
NB2APS NBAd P(NB2APS-co-NBAd)
e =
OO

\/L@§© @
E2 P(NB2APS-co-NB2Ad)AIE Ak B 2% (a) R KA FR & M KT
HHISFHEEB - HRERREE (D)
Fig.2 Synthesis route of P(NB2APS-co-NB2Ad)(a) and

schematic diagram of bulky adamantyl groups weakening the

—
Bulk unit
weaking n-m stacking

strong n-w stacking of aromatic groups(b)

NN IPM 7y 8P S/ Ll A ¢
Hb%%‘sﬁ%é‘% SRR 77, (HE X RGP
DA S, AR TE TR A T
SECRN 5 ek R RAE 0 [ A i A R RE CAn B 3 B
AN AR R, AN AR T AR A R R
10™ 8 25 1 D, T35 SR DU AT OR 17 72 107 &
e, RYJFTCE N REW ) D AAT EEF

d;;% OO _C? Si instead of O @Sl OS' @

6F BCB 6F BVS
D,=2.48 D,=2.42
D=2.3x10° D=6.4x10"

3 REMEEMBELRENNTEMERELER
Fig.3 Comparison on dielectric properties of

oxygen-containing and silicon-containing materials after curing

1.3 R Tz ShapHLE
FE iR B A T, B SRR B A HL
32 S P ER, HAL ) 32 AR R - A v AR A
R R R S AT I A 2 SR 4000 AN B 11 51N
RE A X L id i . REW A BOER K
BedE BE X 0, ORI BT m B 5 H P KA
(7], AT R R A FL A B BF o A2 IR A B A A D IR
e I 478 B0 AL 1 » T 7 3 B T RSP 4 K Bl X R A L
UL TIRE . BT L e 2 BE T R B B 2 T Bk R
BRI R 2 A S e K RE 22 SN T B T
12 R A il AT AR AL RE A7 G T e IR R
LR AR,
14 FokiS5FRERENS
P 5 BUM R HL

fE 25 1k 1) L EZ A
Fo KT (D~80) SRR I 2 i 2 1

IR B



28 QL aha}

2026,59(6)

PR PR B SRR , 7K 70 CE AR N BRI R AR & K
A A F AR IO T A o TR R R A AR AE R
KA S PR BR LA P ARG 2 Ik R SR B, K
Bl e I BE AR MR T B Y R EBUE HE S ) 1
JZ S B K 7 7 M A B = ARE B (3R T fE
{1 % B (i B -CH,, JE H 6 -CH, ) & 48 T AR
R, (1 25 B AR R R 0 RE , 1 85 XK 11
WR 51 387 M 2 5 B4 LR 2 AR 856K ) PR RE
KIIRE 1k -

2 ETKERENFSSYUNEHRHNENE
BT RAA R

BT o0 A ot B T ORI P AL A ) TR ON B
fif , AR VR DR IE3R T I g ] 4 5 [0, S Rl T
— RHNERTBEY, T T XA A
PERE , F SEBRE0HE 78 0 BDAE 742 ES . IR
R E Y TR =W, RGBT EEAS [ 44
FINHITC e, 48 7~ K B e 15 5 A8 P O 1
FRRRE .
2.1 HEREVMHKR

77 55 5 A ) EL AT W 1R S T 3 0 45 0 v 4
FaE M, 2 AR S AR B R SR AR
HD R G T T e B K AR AR R R ) T A
M 4 Fros , fE 2 - R 3 T & (FBCBY R &1,
B 5 4 T JE(Cp B &+ )\ B3k (C ), D 2.62
F R B 22 2.45, DARARFFAE 5.0 107 DU BB KK
o 3X PR T B b B 2 R R r-m HERL
R GRS N RN A NES 551y N

i RxR
>200°C OO0
Sear et ' Lo
R*R

R=butyl,FBCB-C, D=2.62, D=4.17x10* @ 10 GHz
R=hexyl,FBCB-C, D,=2.59, D=3.76x10* @ 10GHz
R=dodecyl,FBCB-C, D,=2.50, DF2.10x10* @ 10GHz
R=octodecyl,LFBCB-C ¢ D=2.45, D=2.52x10* @ 10 GHz

B4 ZEBEDTFRETBERBFELEHNEMERE
Fig.4 Schematic of fluorene-based monomer polymerization
and dielectrical properties after monomer curing

BEAb , BATIEWE T T 75 3 5 AR S e 11%) 275 33
AW ([H 1k FB #1 PDFB, @1 & 5 ) . i
Lz R Em AT DU R R, RERS
ARABLA 2 5 32 8 , [ 16 Y FB 4F 0.15~30 MHz 411 %
0 [ P 2 B AR D AE (2.70) Al 7 DAE (0.028) 03X
S K 2% BH e 6 0 BE 51N SR S A ek e
35 BRI

O O
TR e 0

F FF F
FB PDFB

D,=2.70, D=0.028 D,=2.62, D>0.02

@ 0.15~30.00MHz @ 1.00~30.00MHz

5 Bt EBARENERREETEERE
Fig.5 Other fluorenyl-based monomers and dielectric

properties of the cured resin
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