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1.2 POSS/FPI i ¥ E&H

FPI $ K 7 F DMF RC AL o B 1 75 o/ L WO
W AESTHEET . E 4ol ZEBFEEZHAH
Azcozon RMU 16-04EM R E E A B =AW 0,/0,
BEAESK. BHSERRE 300 L/h, FEASE
b BN 0.027 g/L.3# S 10 min, FR S W+
FERNTEEH TR 1.42 x 107" mol/g. # [F %
HTFIEEARER FPL4 FR S5 REL4L MR
HI% R E A SURIRE™ B H R E AL A8 E Ay 1
m,FPI ¥ S FRE/D, TR HER FPLE
OSBRI ERSE EEEER, FEEES
FREBRIEAYNELY HRATLEN
FPIBW (AT 1 g FPDEBIALHP  REMA
20 mL DMF &5 20 mL % 0.4 ~ 1.6 g MA-POSS ¥
SEHMEER. . ERE3RBH-ME-HHEFTK
S, EH#H, F 10CTER 20 h. &0 E 1 55 &

BE, BHZMBTRKETRI.H FPL 5 MA-
POSS HRY U AN B IEC Hih .23 38 Bl . LA
DMF AU, IE © 65 A UL 0E ) , 2 17 B MR- UL 08 4k
3R, HHAIBICHEER B h. B TECKE
MA-POSS R H¥I WA RN, B, K =M H
MA-POSS RE B EREXRIBPT4M
PMA-POSS A B ZERE K . BE B HBHLE
VTERTATTH 24 h.
1.3 POSS/FPL RX RS ¥ Ba#H &
EEXERYE T OMF b, R IKE N 20
wt % H 75 W, B8 9F T M 06 0 AR S ik (RE(100)) |
KET SERYHEBEETAES THEA B, 90Cm
1 h, HFEASSKHA P T 150CH 200°CE
Th, IBIRBR R, BAFTEBAXKEAAXKE
AV EE Y 200 pm, 27 THAELE 1.
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POSS/FPI copolymer

(1) Film casting from
DMF solution
(2) Solvent removal

POSS/FPI nanocomposite film

Fig. 1 Schematic illustration of the thermally-initiated graft copolymerization of methacryleyclopentyl-POSS with the ozone-preactivated FPI and the

preparation of the POSS/FPI nanocomposite film

1.4 SR

"H-NMR ¥1iZ % F Bruker 4% & ARX 300 B8
34 B AL, A DYk I AR B ) FTIR M ik
il Bio-Rad FTS 135 £L5h 535 {X ,KBr [ Ji ; TGA #
Bk AR 2100 #4457 R 4 (AL % TGA 2050 #
KEHH), TRASSHA, FHEE R 20 K/min, &
S8 EEE 900C; DSC #if X H & + Mettler
Toledo 2 7] DSC 822¢ B AR M BN, A B =
£ 10 K/min, RESFGX-HETH I RAS R
XRD-6000 & X-ST & f7 4 0, THEM & 30 kv, T

fEER B 20 mA, Cu ¥ (A =0.154 nm), I EE
1(°)/min.
POSSFPIA K E G Y HBM A RER XA
JEOL JSM-6700F X5 B & 4§ £ 4 th 8% ( FESEM) T
BomEBES kV, BEARARET I, AN
mEFEAEMETHAMEL JFEBRmA RN —
ERMEEBHUE;, ZEFHENRTRA JEOL
JEM2010F B A EH B FEME, MEEE
100 kV,IBE S MBI A —F E BT, 5 8K
BWETHESHMF 70C T E4L 48 h, BLE B
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P Leica Ultracut Uct YIRS 90 om B9 H-,
B¥EAET 200 BN EEZF R RWE.

FRE S HERKE Y 5P R # R
TR AR S 2 b 7 19 AP250D BB HF 8-+ L2 K F
(REFEMNETE) 2@ F FaESSHHER
E_REBKITHREPRESYHEEHNBE
¥ Hewlett Packard 42918 ¢ RF BH B/ & #1 8
ST R EE 1~ 1.8 MHz, 484 8 &
50% (25C), ¥iE.

2 RE5iTiE
POSS/FPI # K E & Wb F L5 & £ H ' H-

NMR FRAE  fLF R BE T ~8 ZEEHBE T FPLBF
FHERFRILFEME,MA-POSS 5 FPI R LR
F.E4A6NEF 1o B MALENELSFHA
& F—COOCH, B T & PMA-POSS g it & 59
IR L E Y P MA-POSS R ITHILBRE/R A
SHEUCBD MA-POSS BT 1E MA-POSS 2T 5 FPI 1
EERTEMBE T 5 8) MW H-NMR #F %
Barit®, kB E 4 500 e il 8 PMA-POSS #1 FPI
FIERE(SR N 112 F11.50 glem’ ) HEBH, H
ZEFTE L. 20.1 mol% MA-POSS ) POSS/
FPIRE WA H-NMR & RE 2.8 1| bhic
A os, MALREE 5 T Wk mg i .

Table 1 Characteristics of the POSS/FPI grafl copolymers and the resulting films

POSS/FP] copolymer

POSS/FPI nanocomposite films

mol % of Graft r MA-POSS Theoretical Measured Increase in Dielectric
MA-POSS chain f fraction density densiry relative porosity  constant
Feed Bulk M (10*) () (wi%) (vol%)  &(glem) d(glem®) (P)(%)
FP1 —_— — — 293 — — 1.50 1.50 0 3.1
a 24.4 12.3 1.22 289 14.8 18.9 1.43 1.32 8.6 2.5
b 44.6 15.6 1.61 283 18.6 23.4 1,41 1.24 13.2 2.2
c 56.3 20.1 2.20 278 23.8 29.5 1.39 1.19 15.8 2.1
528 erl 0B BRBRXBEN TR M, BWETE1.22x10° ~2.20
6 x10°(RE 1) . BB EEE(GPC) LR R FPI
Cpe e a — _
SR RIS T8 M, =1.943%x 10" HIl M, = 1.185 x 10°,
C < _
5 oot POSS/FPLAK R WM 5+ T & M, # 1.572 x 10°
o i Ceenii ~1.713x 10° Z[8]. %% b Fi i . FTIR #1'H-NMR #)
3 o ¢ P .
cb?] Ao L5 £ BT ZEHIA T FPL 4% I+ PMA-POSS 45 B # /9
h P
| FFTE.
_._MM_J : TN
¢ 2 4 6 8 a

Fig. 2 300 MHz 'H-NMR spectrum of the POSS/FPI copolymer
containing 20.1 mol% MA-POSS

Resonances labeled g, are solvent peaks associated with the deuterated
solvent THF .

B3 2R TERER FPI(E 3a) AR MA-
POSS HH K POSS/FPI WA E &% (K 3b~d)
FTIR %, 1786 #1 1725 cm™' &b 5 BR A 45 1F W% g 14
FUEM TR W TP . POSS/FPL K E S
FTIR % & &, 7E 2850 F1 2950 cm ™' &b 4 BE A9 18 1
%% PMA-POSS I EAEMI R C—H M4 xkzh
Wi e , AT 7T LB 2 FPI A PMA-POSS £ & 8%
MEE . EEENTISTFETNAEATLAARS
PRI mEMBERREMAESR G T8

Transmittance (a.u.}

1 i i 1 1 1

500 1000 1500 2000 2500 3000 3500 4000

Wavenumber {cm™!)

Fig. 3 FTIR spectra of (a) the pristine FPI, and the POSS/FPI

narocomposites containing (b) 12.3 mol% , (¢) 15.6 mol% and (d)
20.1 mol% MA-POSS
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%fF FPI #4443 2 1 BE 7E 505°C, POSS/FPI 4k &
EVERTHTA Q25CIF BB . AFE L TH,
FPL S BAL ¥ IR 7 293 C A A, BRI R K
B Ak ¥ A% R BE Bl B A o B @0 % M T T RE . FPI
5 MA-POSS # B B 5, FE(E T FPI ¥ # BRI
LM T RS YRR B B AR, NS B R
0 40 35 T A YR BE TR

B 4 2 MA-POSS( A 4a) 5 [F] PMA-POSS &
B POSS/FPI AKX E 59 (B 4b ~ d) K FPI(H
de) i) X-5T 28 A7 51 B 2% . € MA-POSS [ 77 5 i 28
HOERTAEBATSE 20 = 8.2°.11.1°,12.3°,
19.2°% 24.9°, F I M B d = 1.07.0.79,0.71,
0.46#1 0.36 nm Ry Fm (] B8, e X F d =
1.07 nm M7 % 2 B POSS oL K/DsEE, B
HRIERH POSS ETHA T ANEEREEHN™%
w7 FPL REETRE W, MEART X-H R0 5%
7E MA-POSS &8 20.1 mol% .15.6 mol% & 12.3
mol % i) POSS/FPI 4K E &Y AT ST B, 5 BI7E
8.3°.9.2°H1 9.3°4L M £ B| — 1/ H AR UR B A9 735
g, RUTEEILR Y+ POSS M RGHTEAE.

Intensity (a.u.)

1 1 1
15 20 25

26(")

5 10

Fig. 4 X-ray diffraction curves of (a) the methacrylcyclopentyl-
POSS, the POSS/FPI nanocomposites containing (b) 20. 1 mol% ,
{e) 15.6 mol% , and (d) 12.3 mol% MA-POSS, and (e) the
pristine FPI

5(a) F 5(b) 4> 514 FPI #1 POSS/FPI 44 %
56 ) I o B 2 T 3 R S 1 94 R B (FESEM)
JE AR . i B S(a) AT L, FPI R 0 24 i 52 B B0
(BFL)MER . B 5(b) B, % F MA-POSS &4
20.1 mol % B9 3L 4, 2H R K 10 ~ 20 nm #4,
B (B X S FL PR AT BB PMA-POSS X #Ef1 FPI
FHEMARFSIEMSETR. B 6 X MA-POSS &
B X 20.1 mol% &) POSS/FPI 4k E S MIERE
MESHEE(TEM)ERE BTEETEREW,

XUEB T FPI &4 POSS e A FFHERIBOTE R,
[E BT & PMA-POSS X & POSS BT h) H A4
RPOSSHITMAHAETRES TEMEKE
(0=C—N) Z [a} & 1R 1/ F -1 5 POSS # 5
AR Z BB AEER N AR5 R M POSS &
k5 FPI L5 2 55 i AR AY .

b 100 nm

Fig. 5 FESEM images of fractured surface of (a) the pristine FPI
film and (b) the POSS/FPI nanocomposite film containing 20.1 mol %
MA-POSS

50 nm

Fig. 6 Transmission electron micrograph of cross-section of the
POSS/FPI nanocomposite film containing 20.1 mol% MA-POSS

F 154 T POSS/FPI A ESWH 8%
B () MEE (D), FIKRE S YN b 5 BBl 3t
EY PMA-POSS BB AN FRE. 5 FPL
B GG A R A BOR 3.1 M EL, MA-POSS & &t R
20.1 mol% i) POSS/FPI K E AW R A BIK M
LR, 2000 2.1 (W B R 4F 29 1 MHz) . 4 POSS X
SFRABRMBOATBREE, LHE2.1~2.7 20,
XEHT POSS R A B HFENELH KA E
A9 9K £ FL POSS/FPI 45K 5 4 1 M1 04 4 el
ERB BT FPLEE ARG M « EHME5#H# PMA-
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POSS HEH /G 5| & MM A FLBUE L i T st
Wk B4 TR A FLBR R LA B (A, AR MR A
i X-HEEmp M X ELES ), Bk, RRA—
AR AR Tk T X B I I AR T AL B 3R ARG
LB (P YR al % LK PMA-POSS X5
FPI E @RS EM I ETLIRE (p,) f1 POSS 81
A FHORLBFE(POME, F 25l TR
MOt ESS.

P, = (8-4d)3]x100% (1)

P, = 0.048 x ¢(MA-POSS) (2)
AT B POSSIFPIMKE A HBEMNEE (4T
XAEEANERRER]  AAESYRNERE
FE(8),ATH AR E S PMA-POSS HE & A 5
. PMA-POSS I FPL M B (430 1.12 #
1.50 glem MEE S H 1 o (MA-POSS) N K E G
F MA-POSS M RBLE 4+ 1. K /M4 2 nm POSS 81
TEfE 0.54 nm MK TLE LR T POSS BT
LB K 4.8 vol %' X TF MA-POSS &8 H 20.1
mol % B POSS/FPL 4k & & ¥y, LA X L Bl 3 14
meETF 15.8% .

BEAXEGHHA BERSWE S MER
WEREHEXE AT EE T MA-POSS 28 X
20.1 mol% ) POSS/FPL K E S M M E R A
2.0 8T, HLhFHEMEL N 2.1, A, POSS &
LEOHERTHRILEERESIBAXRESY N
SRR B — TR A b 5 SR R I AT Bk 3k

A F POSS 7T a9 @1 K FL B2 A PMA-POSS £ £ 3
FPI 3% 51 5& i 40 16 £L B %5 3 &8 o o0k, AN K
SR PMA-POSS BT S & 18 i, 48 %F FL 5
RS E TR A — 8 (W#1).
PMA-POSS 7+ F I 2 FPI X #5[ EHAKE
SEEFLBREMNBA, TTA BN FPI FH 5 PMA-
POSS XEZ A= MEE/EASIENHIRES
M BHERENAR NAEE D EaEEN
Mms rr LR B TRE(TOR
5 FP1{R B EF PMA-POSS 25 57 ¥k B i B4 g
TRMAELH. AXRET —REETE &
FPI #£4% PMA-POSS &8, K1 AHF KA T A4
B By FPI R

B AT & B R YR BB IR B-POSS ( MA-
POSS) 5 B & il b 4 & BUR B T B (PP #:dL
BHAT&H FPl 5 POSS HEEHMAKESY .
FENPREASYN AR ERILELR FPLER,
XEBTEEHEPE LR POSS L5 EMA
HEFEE MR POSS ELE SHRILBMER.
M ip LR R i A B PMA-POSS {3 BE /R 3R BE AT LY
BETHKREAYEER N8 E 5. POSS/FPI 4
KESYH MA-POSS & 4 20.1 mol% B, H A
ML BIAE) 2.1. MA-POSS 5 FPI 4t B h R EH
FHERE TSR AR T ERSEIEHA
FANEFTENAXRE Y, HRIFRTTERE
[N
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PREPARATION OF FLUORINATED POLYIMIDE/POSS NANOCOMPOSITES WITH
ULTRA-LOW DIELECTRIC CONSTANT BY GRAFT COPOLYMERIZATION

CHEN Yiwang', NIE Huarong', CHEN Lie', KANG En-Tang’
(' School of Materials Science and Engineering, Nonchang University , Nanchang  330047)
(? Department of Chemical Engineering , National University of Singapore, Singapore  119260)

Abstract  Nanocomposites of fluorinated polyimides (FPI} with covalently grafted polymethacrylate side chains
containing polyhedral oligomeric silsesquioxane { R,R’Si;0,, or POSS) units were prepared by thermally-initiated
free-radical graft polymerization of methacryleyclopentyl-POSS ( MA-POSS) with the ozone-pretreated FPI. The
chemical composition and structure of the FPI with grafted methacrylcyclopentyl-POSS side chains were characterized
by nuclear magnetic resenance ('H-NMR) and X-ray diffraction ( XRD). The morphology of the POSS/FPI
nanocomposite fitms was observed by field-emission scanning electron microscopy ( FESEM) and transmission
electron microscopy (TEM) . A layer-by-layer structure was revealed, which supports the formation of an ordered
architecture by POSS crystallites in the FPI matrix, as the result of self-assembled POSS units of MA-POSS side
chains. The POSS/FPI nanocomposite films had both lower and tunable dielectric constants, in comparison with that
of the pristine FPI films. Dieleciric constants (k" s} of about 2.5 to 2.1 were obtained. The reduction of dielectric
constant was most likely due to a combined contribution of the nanoporosity of the POSS units and the external
porosity introduced by the grafting of MA-POSS to the FPI chains.

Key words Dielectrics, Nanocomposites, POSS, Graft polymerization, Fluorinated polyimide



