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Z&: 1,3-bis(4-aminophenoxy)benzene(APB)3} 3,3',4,4'-benzophenonetetracarboxylic dianhydride(BTDA)S] ZJ ol
AN HE7E g AolA 2o HAM 2L Q] (octaphenyl-POSS, OPS)F #'dx} o] ZA] 15| 742t 8
02 HIER HE ATEE ZAAEFASARJ(LPS)S E3ste] WEAR 9 dAXde] 58 slolHe= Ego]
= B3k 2 Azt AxE slo|He= Zgojn|s FEL OPSY FHS 2.5 wt%E ILAPA7| L, LPSY =
S TeK(1.5, 2.5, 3.5 wt%)3HAl WA s OPSE E814¢ 4TS o]8-8t] poly(amic acid)(PAA)
ollol] #AatA FANZoH, LPSO] 7d-¢-olle 3FehalQl Aeks ©8ak7] f1ste] LPSe| olFA] 253 PAAS] of
9 IEe] o] FAloRl BEES o] &St dolxl teolHel= Eejoln= HEAS] WE 54, 38 44, f4
st BERAS S48 Slste] felel ME HoA F47I(FTIR), & $%F £471(TGA), #3337 (micro-
spectrometer), Y IT27|(RF impedance) 2|3l AAALE FARAAA R (FE-SEM)2 FAME &R (AFM)=
AREEI T Eg AlxE slolHe|= EEloln|= vEZ X Yol Si YAt FdsHAl A4 = A2 EDS mapping
o7 FIEith

Abstract: In this study, we used the POSS cage with eight phenyl groups (octaphenyl-POSS, OPS) and ladder-like poly-
silsesquioxane (LPS) having phenyl and epoxy groups in 8:2 ratio in the composition of 1,3-bis(4-aminophenoxy)benzene
(APB) and 3,3',4,4'-benzophenonetetracarboxylic dianhydride (BTDA) to synthesize hybrid polyimide composites with
high thermal stability and excellent electrical insulating property. The hybrid polyimide composites had various LPS
weight ratios (1.5, 2.5, 3.5 wt%) with the fixed 2.5 wt% of OPS. OPS was homogeneously dispersed in the solution of
poly(amic acid) (PAA) via physical bonding interaction and the epoxy groups of LPS were chemically reacted with the
residual terminal amines of PAA. The thermal and optical properties, dielectric constant, morphology of the hybrid poly-
imide composites were determined using infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), microspec-
trometer, RF Impedance, field emission scanning electron microscope (FE-SEM), and atomic force microscope (AFM).
Also, we confirmed that Si atom was uniformly dispersed in polyimide matrix by using EDS mapping.
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Scheme 1. Synthesis of ladder-like poly(phenyl-co-glycidoxypropyl)silsesquioxane (LPS) and the structure of octaphenyl-POSS (OPS).
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Table 1. Hybrid Polyimides Containing OPS with Different wt% of LPS
Sample APB BTDA NMP OPS LPS
PLO 214 g 235¢g 219 ¢g ] ]
(7.3 mmol) (7.3 mmol) (21.25 mL)

234 g 235 ¢ 2289 ¢g

PI-1.5 (8.00 mmol) (7.3 mmol) (2221 mL) 0.12¢ 0.071 ¢
234 g 235¢g 2289 g

Pl-2.5 (8.00 mmol) (7.3 mmol) (2221 mL) 0.12g 0.12°¢
234 g 235¢g 2289 g

PI-3.5 (8.00 mmol) (7.3 mmol) (2221 mL) 0.12¢ 0.17 ¢

"] 2 1-methyl-2-pyrrolidone(99.5%)2 Alfa AesarA}ol A]
Tkl A glo] A&k

BN, 94" E2E59 FXE FTIRNicolet IR 200,
Thermo)¥} 'H NMR(AVANCE 400FT, Bruker)2 A}-&&}o]
A SIGTE $E LPSo ste|He = EEjojn| = H3HA| <]
g4 FgAE TGA(TGA-4000, PerkinElmer)2 247 |F 3}
oA 5L &% 10°C/mine] 20X 24t D29 &
ZHEAJLS 9= 1 MHz~1 GHz ¥$19l14] RF impedance and
material analyzer(E4991A, Agilent Technologies)E A}-&3}<]
=439t} E59] == microspectrometer(Lambda750,
PerkinElmer)Z AF&-3}o] 400~800 nm 92| 71A]44 9
oA SAHsIGT). stolHe|e Fejons dFe] RERA=
FE-SEM(JSM-7610F, JEOL)3} AFM(XE-100, PSIA) #2492
Fste] FRlskich

HEDt ol ZA| OFE &Ret ACIEIE S2[AMAFSM
Q1 M|Z=(LPS). LPS= o]xlell s 3 S arste]
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mom A 7)F sl PTMS(12.69 g, 0.64 mol)2} GPTMS
(3.97 g, 0.16 mol)®] EH&-MES s8] WiL 547+ 25 °Cell
Al AE3d] vEAIZITH RS vk F el E T
dichloromethane(100 mL)¥} 574100 mL)Z <12 ¥ A ¥
3= 5 magnesium sulfate(MgSO,)E ©]-&3lo] 7=8h= &=
B2 A AsA T vlA O 2 rotary evaporatorE ©]-8-3
dichloromethaneg A| 7|5l LojR A 7 AS FF B
A 397F AZAA BlE 25 ol FA] 2E0] 82 HIER X
¥ LPS(M,=2300, M,=5900, PDI=2.56)= #|%3}31t}.

slo[=2|= Z2|0|0|E S§HH M=(Hybrid PI-1.5, 2.5,
3.5). Table 12> slo]H|= Ejo|v|= HgA] A= AF
AREEL 24 v Egolth AlzE U7 AE F S
olH|=(PI-0)= HopRld} FrstEe] = HZF 11 vhE U
A Al AEZPI-1.5, 2.5, 3.5)2 A$ole @A oy
octaphenyl-POSS(OPS)Z 2.5 wt%Z ZAHAI7|L LPSe| §HaF
S 77F 1.5, 2.5, 3.5 wi%E S7HAA tolw] TEAE A
Yol PAAS] oRl Z1E3 LPSY| olFA] 1EH WH-gA1A 3}
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Scheme 2. Synthesis route to hybrid PI-1.5 film.
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Figure 1. 'H NMR spectrum of ladder-like poly(phenyl-co-glyci-
doxypropyl)silsesquioxane (LPS).

glycidoxypropyl “15<] Hl-& 24L& %7] A A2 feed
ratio®l] 2J&f] AAE}. Hd 2F9] I3AE 6.5~8 ppm Aol
2] BRISA L, glycidoxypropyl 252 M FE 0.5~4 ppm A
ol Uehtes daEE Slste] g3 dA7T e
AL G 4 AUk LPSe] #Hd 253 glycidoxypropyl
59 H]&-E glycidoxypropyl 252 (a) ¥=, = Si YA
Ho] i 9a WA Ar A2 e dd 259 4
¥ 3 W& H]&2] ZEH|(integration ratio)E Al4Hsle] R}
R,9] 7S Eels 4= 3= R,9 (a) I Z(Si(CH,CH,CH,
OCH,CHOCH,), 2H) integral %+ 7|5 12 B8 w R,
Hd 259 A (Si(CHs), SH)S integral - 9.742 &<l
o} W2 10x:4(100-x)=9.74:1& AXsIA D 1F v&
°] 7.95, glycidoxypropyl 1 H|&©°] 2.052 th=F 8uj] 29]

H &S Bl 4= et B AgolA dd 253 o=
Al LS 822 Z2Ae LPSeF AR Y 15 T
gk Alo]A] F22] OPSE SAol| AME-S o]fi= rigiddt #d
A H]-gro] =S 1PSE PAAQ— §].t‘ﬂ-;<4 Qa'_‘?_i E%Lﬂ_/\]
713, E2]4 2] A3(n-n interaction)S F3+ OPSE PAA
gl YollA FdaA TAA WEd 9 A o] gk
MEE stolHe = Zejoln= E9H| S HHO= 3
o)}, o] el &= TPS-POSS(trisilanolphenyl-POSS)S PAA
ol FLsA FAAZ AFAH7E BarE vprf Aok
Zolm| =g} B A<l 73?%; ol-g3}7] flete] AREE OPS
£ 25 wi%E IAE o= AyATelM OPSE dEos
25 wi% SR & %Méi Zejoln|= B3] 7397t 7h
2 ddgt BEEX) 9} 978 94 4AS Uehlo] e

TS FABINATE OPSE 2.5 wi%2 74313l LPS] &
FHE 15, 2.5, 3.5 wi%e® BISARI o] fr= oZ R B
Fe] LPSE HolM AFES A5 Axd Egoln= £
A "Eo] UF brittlest] 7iA]= #do] WAt 9ok 7+
2 LPS THH2 AFS FsI3ith. LPS do| Bold+s
Zejo|n|= A Do) brittledt olfi= LPSS] o] FA] 21

ZEH, A444 A2%, 202083

1B

o - e - e

AU

Phenyl C-H Phenyvl C=C ) S1-0-5i — Epoxy group

“T"i\ {r [.‘|ri
T\bf‘\; Jﬂu,f

ﬂww
Mf-h»;_n_,ﬂh‘?uwm
Vo

I SURPSNIG  I
T Nt

{a) I

Imide peak T——

e

(b ol
) ww/’

ceﬁwf‘ 1/ a3

e
(&) \ v ‘f"‘-.f"’_h Gy

\“{
o b

.

Transmittance (%)

[T, e
M v

T
4000 3500 3000 2500 2000 1500 1000 S00

Wavenumber (cm™)

Figure 2. FTIR spectra of (a) OPS; (b) LPS; (c) PI-0; (d) PI-1.5; (e)
PI-2.5; (f) PI-3.5.
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Table 2. Optical Properties of Hybrid Polyimides
OPS LPS Thickness Transmittance
Sample
(& €3] (um) (%, 550 nm) (%, 700 nm)
PI-0 - - 50 69.42 84.42
PI-1.5 0.071 50 50.35 80.81
PI-2.5 0.12 0.12 40 60.96 83.3
PI-3.5 0.17 40 46.91 78.1

[ 1 oy |

25um

2.5pm

Se.—1

2.5um 2

2.5pum

Figure 6. Cross-sectional SEM and EDS mapping images of (a) PI-0; (b) PI-1.5; (c¢) PI-2.5; (d) PI-3.5 (C - carbon atom, Si — silicon atom).
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Figure 7. Three-dimensional AFM images of (a) PI-0; (b) PI-1.5; (c) PI-2.5; (d) PI-3.5.
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