(8

s

B9 T X4 (Kobunshi Ronbunshu), Vol. 60, No. 4, pp. 145—157 (Apr., 2003)

i)
EK “F-MAS NMR W A/X— A 0853 FDXF+ 7742 ) -3 >

REEF TN - Wik 1B

(%11 20024 12 13 H - &K T 2003451 4 20 H)

E B F7vERSTE, TR - WEN, WS, WHEs S0, ERt, Mk, R,
B L o ML AT AR ICEUHECH L. RIRTIE, BFEROLYHEL L OLDDOBEHEA~D
BREEPEL, L2 EBLERBELET5 -0 0BEMT PR SN TE -7 Vb e 55T
#H L, "F Magic Angle Spinning (MAS) NMR %% Hl\W 72 5 F & oA R B A S AT ICEm 2 H T T
BB L7z, $9°, &K F MAS NMR OHEIEEH L MAS ODREIZOVTHEHSR, RWTIDOFEE, &
HWORY)F M7 VFaF LY (PTEE), T hI 70t axF L (TFE) E~nFH7itursavl
> (HFP) ®»J ¥ ¥ LI EAIK (FEP) , TFE & /X— 7 VA 07 V¥ V¥ )L —5 LOEAK (PFA)

DN —T N FaR)w—, FLTN—TLVFTLTRA I —BLUOA 4/ v— @A LTESN:

DAHEE L S EEE I T AMRERNT A L L BT,
FHE LTO FMAS NMR OEMMEIZOVWTT L7,

1 # Bl

&7 v EEmaTt (&7 v HZEIR) (&—RICm S - e
M, MR, W S, EERRME, AR, K
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BThBY. HAETHRENTHEE 7 v ZE5 T, %
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EHOGREETHTAEMREDO T ANV — R EPLE
EENZF2OTH A, LE, NS OHMREED Bk
SN, ERNGEEFITRINL LI o722 800
e b ¥MoBEEIcH ), ZOFTTFORFD BEKE
NTWBH2,

145



BEET - L

Table 1.

Representative fluoropolymers

Partially fluorinated

Perfluorinated

—~+CFo—CH, 1= ~tcF—Cra -
PVDF PTFE
for-crfforp-cpl  FCFo-CRatteR-CRf
Semicrystalline n m CFa
ETFE FEP
—+CFCI-CH, 1~ -{'CFz-CFzH?F-CFz#ﬂ
~ PCTFE pra ORY”
~+or-crpfcH-crt _['CF?_/CF“C\F‘CF?']F
Amorphous %b) ORY O\ CFy
LUMIFLON cYTOP CF3
| |
Flastoffier toFo-chpffor-crpfz®- fora-crptter-crfrzt-
Viton CF3 l Kalrez OCF3 I
—[—cFz—gI:F-];[-CFZ—CFZ-};l
Tonomer OCF,CFOCF,CF2803
Nafion  CF3
@ Perfluoroalkyl group, mainly C:F7. ® F or Cl. ¢ Alkyl groups terminated by
H, OH, or COOH. ¢ Crosslinking point.
2 BEFRERHCESHESAEEER S 2 0Tt
21 1EZET7 NEAM
IS P IS BN T B AR OKE
KL, HOBEHOEFEEIKET L7720, HEOEH
B oltmRREBIIANE, FNFRIER R - 72AR L
PANWER (LET 7N 2 AHTAH. —RISEOEED
BRI TIERL, "CRFDOLHIZ2pETF
AT ALAIBTOMORTUVEETCH L0, A
WSS R E R L. DTEEPFILS S W IEHIE S
NTWAEYE, BERPERARETEWED, 57135 Fir 1 Sehematic illustration of masic-anel . oo
B LTI Y FLIRBL TV S 720, kY7 M nidmgmm““mmmOm@”%e“Wewm

bOTAAE LS. HEHPICHVTIE NMR O &R X
Db RN FERI L > TIORFEFTHILENL D
T, 1b% Y 7 MIEHFHEIBE S N L DS, ERGE
TIRHHINY — 2 EFENAIRADETHPEAI SN,
B — VIR OB T A ORS T A 1ER
FELHTEETHY, ZI0oEons{bES 7T
YINDZODFMEEFNFND AL, ST DK
B (vhA—Tarvear747Lb—3ay) Rk
EIRE MR CTORBEARPEM) ZHRIRMT LI L
BHLNTWAE, LaL, BHRLeNVEREORL: 5H
BMOBDESHELRD L, AT ML OS5 EIZREEE 2
b. MAS X, 0—% — LN 2 B8 2 SRS
2% LT 54.7° (Magic angle & I-IE %) 1T 728 o [0
DICERCTOEEESEAZ LIZL Y, L%y 7 FVORKH
RHE (BHBHVIER) L, 1b¥27 M 2SS ¥l E
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LTHLFETHS (Fig. 1). ThidfbsEr 7 M EGH
12 (1—3cos0) DIE (6 3R & Mo %4 Tdh
D, 6=547" TZOIEIZ¥ O L22) EInb It
#FHE LT, Fig. 2 12 MAS O Rl % 25 2 CTHlE
L 727) YK £ (Fluoroapatite) @ "F MAS A X7 kL2
%RT. Static ld MAS 24T W E DRy —
Thh, HEERFoEmE & HIEFIFERIEHILLT
Wk, ZIZT, BEBEMTERLAEY 7 PRI
Db MAS MR AV/NE 3G A11E, ZOMEEMIZE
Sl FEHENT, FHFEHES $70ppm) H 5
MAS [ DO REAE TR B OB A EICA L S
¥ 7% A K32 K (Spinning Side Band : SSB) ASHIE ¢
b, B, HHVEWESE, CoOEEK TSR LB
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Fig. 2. '""F MAS NMR spectra of fluoroapatite as a func-
tion of spinning rate. The large static linewidth (bottom)
mainly originates from a significant contribution from the
chemical shift anisotropy” (Copyright permission from the
Academic Press).

BIZHND ZEOHDTRETH S, "CORBE, 8
W E W E DS 'H D 1/4 LRV 728 4~5kHz D MAS 12
L) SSBERIRIIZHZ LI ENTELH, "FO5
G, AbEY 7 VEAUN C LEBEPEFNL D B KE
<, Lo bEERED HIEWD, DFES)H
WEINTWEHEBDEDHERED NMRE5 &2 15572012
i, @ 10kHz L LD MAS UL EE 2 5. BAETIZ 30
kHz Bl L MAS 25T fEZ% 70 — 7SR ST 5.
22 REEZEIETF-XIEFIHEER

b 7 VEHHE AT, FEEHS S\ ITRER
i D BB F—BUR T EAEH & 555 F O B R NMR A <
7 P VERIBILEICTAERO—~2TH S, AY V&K
o T (L722%> TNMR M%) BAE V3R
FTE—AVIELL, BETAHAE VYV IIRTHE S
25h. ZORIESE, KEOEE, oo kT
E—RX b, FLTHENZ MV ERSORTHIZE
THESINS., =TI VI 0ESTOEARNMR TE b
BB E R B0, MBFE— AL PSR E L Lad 2z
I IIHES 5 2 &A%\ "FF [ o [6HE4% B AH B 1R
HATHb. BlziE, —CR—IZDWTFDEFHEL L
TWaGE, TOMBTHAEMEHOKRE 134 11 kHz
b, FOBILILIOMEERD AT M VOILIE
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ALICEE LR EROB T 1—3cos’d DIEE D720, 10
kHz DL EOEE MAS 12X DiHZEH B WITET 522 &
MHHFETHAH. B, {LFEV T PREMOEE L FE,
MAS D[R A Z OMENEMR & ) /NS %3551213 SSB
PEHMENDG, Lo 7T, BENN-TI VT OG5 TD
MAS A7 MV TEIBI S5 SSB 121, b5 7 &
FHEE BB BE A MHEEROm B OFSFEEINT
WAHAREES D B.

[ AEA% ] D AU BUBR FH AR 1E, MAS Tid7z <
“GENNVA" LIFENE A Y Y2 TOEFEEIC X
STHOFHT LI LA TE, ZOFFEILEHEMAS #
WPRERNERLFTLELIEHEWS LA, 72720, £
BNV AETILEY 7 PEFEPIFHILTELVI L
M5, K MAS £ £ E/ L 2 % HlAE D72 CRAMPS
(Combined Rotation And Multiple Pulse Spectroscopy) &
XN B FEZHVLONF WU THLH. 2B, TR
=W T AEBERE (T,) DLETO¥HSEEsST T
DIEEEBIZDVTIE, ERL D TEEII L > TRRT—
BAsFAH EAEH O BFER) % PR Z > TV BHED
%<, TOL) L ZITIIEHED MAS 7215 T b s L
L5 rEons.

3 N=T7ILFOSAFICHT HBEME

3.1 PTFE

RYVZFLDOKERTNTT v HICER L 7-H#ESY
oK) F I T7NMATTF LY (PTEE) &, bo &
bREM L= VA OGS FThb. mukEatE (&
LR 90%) LEWVwT v EEHER (T6wt%) X, “F
R 18 O B BUB T BEAEH A IER 12 2 & 2 FIR
LTBY, L2baT &L 243 & A LI
TEBW®, BOHEONMR A7 PV EELZE
WAL S HEETH -7z, &7 v EESTFD F EiE MAS
Ay MV (16.8 kHz) % A L 72 D13 Dec & (°86
E)DTHDHH, HS5IZ—CFCl—Ch— % FELdH & §
% Kel-F % 8l L 7= AT, PTFE D A7 IV %
LT\, ¥ PTFE O&EDREEA N7 PV, *91
4F Harris 52 12 & ) CRAMPS % i\ 72 b O 255 &
nTws (Fig.3). —7, PTFE ® “F—"C CP/MAS A
N7 PNVIZEEMAS RELE NNV A LEE LW
®, 79 4 Fleming 5% IC X DB HNTW5, Fig 4 IR
T LI, —155~—8 C OB CTEE < b %8k
L7 B 5 OMIEH, 24 C U ET 2~3f& %5 TV A7,
N 19C TRIZFEHD 1 R (ZF& 13/6 ~
Vo0 7 ANSRFE15/T N v 7 AN) 2R 45 T
O] ) OalFaEE) % KL L 720 D LS5 Tn 5,
PTFE Wit % B D L TLEN A ET A 2
&S, FHEBTHEATE 28052 WES THEO—
OTHY, HAPLBEBIANVF—DETHL y B2k
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Fig. 3. ""F CRAMP spectra of short- and long-chain
PTFE?. (a) CxF4 with spinning at 2.6 kHz, (b) CxoFs with
spinning at 5.1 kHz, and (c) highly pure, highly crystalline
long-chain PTFE with spinning at 2.5 kHz. Chain-end sig-
nals are indicated by arrows in (b) (Copyright permission
from the American Chemical Society).

BT ENDRENHRLNTE /2. Lovejoy H'O"
X, S EER— TV FOESTFIIOVTETHEL
X BB E OB bR L, (1) BEORTIE, o
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6wi%3ﬁivﬁ»®%b)@ﬁw“?ﬁ@ﬁ@tb
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Lﬁm,mw“%@@w%&f CFE.CF: - & —CF.CF
(—CF, * )CR,— DEFEEMPEM I EAL LG LR TH
b, LEEmOT 2B @)i—cmaa-t~cmc-
FCR—D B b &, YH (B 5 \WIETH) 345 &
ENAHDW PTFE |234§ 2 BY-#ERH O 28I, 21y -
NFENFEE LR EOBEP L bTON, ﬂﬁ(ﬁw7t)
DT TR BRIGAS, Bl b T 48 SO B I
ﬁL,itﬁoc%ﬁzé&%“%ﬁﬁ#ﬁﬁéhé
EHREBEEINTWA279, PTFE ~DE IS IC L 548
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Fig. 4. "“F—"*C CP/MAS spectra of PTFE as a function of

temperature®. The contact time used was 5.0 ms, and the '°F
decoupling field was 89 kHz in each case (Copyright per-
mission from the American Chemical Society).

7o, BRI TH H —CF—RDHFEF 5 IZH)
OT/RL7ZDIE "F MAS NMR % i\ 72 Katoh 57 D ¥t
meEZOND, 513340 °C TERE X 272 PTFE 12
LTV FHATTEFREEN TS L, —CF—%®
—CR MBI NEHILBETVENL I L2 A wiE
L, BBEMICHY T 2 —CF—B30aE5I1ixT 5
BERDIS, BEHEBLIUEBED G H WEHR
U722 AV F—100eV K720 O, FULA Y O IE
ARIIEE) REHR L. 2O, ETEILRNE
CEBDITHWMTHOIA L, BEHELRTGMEIL2
MGy T K& 72 5 LB L Twb, Z£D%, Fuchs &
Scheler'™ 1$, B 72T 365 C TG PTFE (2xf 3 %5 & F
RS 21T\ Fig. 5 13/R T “F His MAS A7 kL (35
kHz) #1BTwa. %5 IE—CF—E57%, MBS T
MBI R DOFEG L EL I L2 EE LT, BEIH
FHAKWD —CF; 7213 —CFECF: & 15 1 Trnd 5 2 &
#%W%@%%%%%L kL L THRHEEIETIZD

ZUEE D MR T B L v Katoh b & [AFEOH R AT
wé FoMESE, BEETEIRTCETH T BE L7 PTFE
DAY MV (Fig. 6b) dF T\ 5%, Fig. 5 & Oxtlbh
GO EHII-CFE5 2@ TAI LIETET,
—CECEEFDANPHENTVE I NS, FRTRD
FEBEOAN LN L Y UG T4 S SRS HELTS 5
ZEEHRLTWS

Lﬁ@;it,PWE%%w%L 5T “F NMR A
~7 MV, EEMAS EEF VWIS EBNES IG5
N505, ZhsOREMK *C NMR O 55 REEILIZIER R
TREZET A, Liu 522X ) #Hl%E & L7z PTFE ® “C
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Fig. 5. '"F MAS spectrum of PTFE irradiated at 365 C
with a radiation dose of 3 MGy'® (Copyright permission
from the American Chemical Society).

~CF,-GF-CF~

. CF, i  ~CF-CF-CF~
CF-CF, i
a)
~CF,-CF;-CF~
b)
~CF-CF,
i

T T ¥ T T T T T T T T T T T

-60 -80 -100  -120 -140 160 -180
3F{ppm]

Fig. 6. '""F MAS spectra (a) of FEP with a comonomer
content of 8% and (b) of PTFE irradiated at room tempera-
ture at a radiation dose of 1 MGy'®

from the American Chemical Society).

(Copyright permission

NMR A% bV % Fig. 712”7, (a) & (b) OHED
5, MAS [#E$ 0 L5 & 0 gk B3 525, “F
—BC OB FHEEHR A 7 —HELERIZHEEL
EhwnwZedbhb, L L 'H-"C CP/MAS TEH
HOWSNBLAET Iy 7)) v 7% "FIZx LTIT) &
(c), MAS L OTFIZLNEFVH/ LNV, £Z T,
REEIEICFEE XS E VA EZANTT Iy T~
T ERAT (d), #&o TR L 7 "F—~"C CP/MAS A
N7 MVE/TND,

32 PIFERTSXA~ELE

PTFE 3 FEF ICEKVWFEESRE (I1MHz TH2.1) 2R

B4R SUEE, Vol. 60, No. 4 (2003)
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Fig. 7. ""F—"C CP/MAS spectra of PTFE under various
decoupling conditions'”
lar decoupling at a spinning rate of v.=5 kHz. (b) fast-MAS
(vi=28 kHz) “C MAS spectrum after ramped CP from '°F,
without "°F decoupling during detection. (c) same as (b), but

with high-power (>90 kHz) continuous-wave "F decoupling

, (a) standard continuous-wave dipo-

(exactly on resonance). (d) same as (c), but with pulsed "°F
decoupling, using a train of rotation-synchronized 180°
pulses (Copyright permission from the American Chemical
Society).

Z e, BRUEFEED SR EE % IE AR EA
DA EF SN DD, WL LREREP 22D A o
— MIXAEEREISIHETHE., TOL)R/)N—T
F OGS OERE RS LM O—212, FEET A%
TIAALEH, BEEERWEER LIRS EL T T
X2 AbF S M B F % (Plasma-Enhanced Chemical Vapor
Deposition : PECVD) 2% 5. 77 XA LI ELR T Y
AW FAHERAIC BT A L, HERL T/ v —H
BHEZOE L, 556N 2 0T3S ED CF L%
A MRFNEEINLDS, 7V EERRN R/ OV L L
THHET NI -CRCR-—7THEZm{TE I LHHILN
TW B2 Gleason H2 1, BEE T A IZAFH 70+
o7l 4 XY F (HFPO) X Hw, /XL ARE%E
BATHERLLZPTFERERED(LAMEE Z 2 KT °F
NMREIZ & O AT L7z, BT A E D L O AU
HIEHEFHLCREL -2 %155 “v 7 MM 2 kT
NMR & &, {LFHEDIFBIZIZANAFN 2 TETH
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Fig. 8. 2D '"F—'3C WISE spectra of (a) PTFE (3 ms mixing), (b) perfluoroeicosane (3 ms
mixing), (c) 10/20 film (1 ms mixing), (d) 10/400 film (750 us mixing)*. All the spectra are
plotted on the same scale for both axes, except for (c¢). Spinning rate was 5 kHz (Copyright
permission from the American Chemical Society).

5. FRICEREREONRFES OB L, £E/ VA
% & ¢ HETCOR (HETeronuclear CORrelation) #* A% &
R EN B HY, Gleason H i & V) flH. 72 7V 2 RFIT
BRI O B T & 2 T & 5 WISE (Wlde line
SEparation) 7 % V>, PTFE X° n-CaFn D AR b L
LT A2 LT, EEPICHFATALEHEEALD
HAMAZFEE L7 (WISE RILHE, 5 E8)kicf
TAERAEELHTHbHNS). Fig. 82 PTFE, n-Cax
Fa, 10/20 7 4 V2 (OSIVAF > 10ms, *+ 7 20ms),
10/400 7 4 )V L @ "C—"F WISE AX7Z7 ;)L (MAS .5
kHz) %/R7. fEEAHO FESOEH DI, "FEHE
DOV HEAEF O S 1244 L T 5. PTFE X n-Ca
Foo D88 — 2R 5N A [PC; “F] = [112; —123 ppm]
D A{E 5 13 —CECF.—, [112; —128 ppm] (X —CFECF;,
[118 ; —83 ppm] 1 —CFECF /@& & L 5. 10/20 7
LIVLDIRY — 3T, SEFSFERFEEIFH S L
|2 — CE.CF —~ O F A G5\ 7%, 10/400 7 4 )V L id n-
CowF 12727849 — & 7R L, —CFCF.—% —CECF; O
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BEWEoE N ERABIEND, NVARBIEEWVIZ
& PTFE KD — CR.CF,— E A D7 #E3ER % L HER T
X5, oM Ualk % %3 MAS (23kHz) T &l
L, Fig. 9 ZRTANRY VAL LY, BETAKE
DR % ZE L T1)CFRC—, 2)CFCF—, 3)CFCF.—,
4) —CF.CECF.—, 5) —CF.CF.CF.—, 6) —CFRCECF;, 7)
—CF—, LIRB L7z, 754 .08 (A7 Fla
—c) Lo T3 L SOMEMLREFTRENSERT S
ES, —CERCR—7AZEOMRTERL VD, T/,
BESOMIENRLZLBEE LT, LVEVHEETEZ
A DENELEY 7 ST R, EE0ER (GE
BESEWVIEERH LR D) 2T TWE, FEIE, X
¥rra—iE (BuEsts KMl TEVWALY -2 Y
VAR T> & A A ERA &R 09 LB Al E )
ICEBARY PIVICEEPHEIN TS L FHREINS
4R T DREEVPENLZNZENPLBFER L TWA, 56
IZCF, CF,, CF: Ofi45rlAXPS 5 6 1% 6 L7z @B b
WEL—FH LI EnS, 74NV AR )ik
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Fig. 9. '°F MAS spectra of (a) 10/50, (b) 10/200, and (c)
10/400 pulsed PECVD films of HFPO (see text) at a spin-
ning rate of 23 kHz*. The TOSS pulse sequence was used
for the elimination of spinning sidebands. The seven main
resonance assignments are described in text (Copyright per-
mission from the American Chemical Society).

Yj—THiHER/RNTND,

3.3 FEP

T hI7 70t F Ly (TFE) EAFHTILFTT
QYL (HFP) ®F v ¥ L3LEAMKRIL FEP & M-X,
HFP O E IV 3F (T —#&IZ6~10% TH A. FEP I, CF:
FHABGIZD D7D 0 FEIEM N 2 5 AlEz
D, FEEMT O CR AP T RBE LTHET A E W
b T, FEP IZERIKEE (9265 C UL L) TH#R
BEDOBWPF AR PV A5 252 M5, Wilson® R
English 57 12X D EFDIRIE & HFP 0D EEDN 7% &
NTV5E, NMNIBP ESHLNLOBREEL-OY F
ROXBEH B L, BRAEHIHRTE S LS
5T &EF WL, TFE %8 —CFRCFR— (—120 ppm) &
HFP & i ® —CF; (—71 ppm), — CFCF (CF;)CF,—
(—110ppm), —CF—(—182ppm) D {I#H I, TFE 4
o R BB HIZE N 555 % TEE—HFP #EH{ O
—CECF.CF(CF)CECE— 2@ g L Twb, $72, %
ORI, HFP A B2 BEL(ERTEL I LR
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Fig. 10. ""F MAS spectra of FEP irradiated under the fol-
lowing conditions: (A) 30 C and 1.0 MGy, (B) 90 C and
2.5 MGy, (C) 150 C and 3.0 MGy, and (D) 250 ‘C and 2.0
MGy®". Peaks marked by # represent experimental artifacts
(Copyright permission from the Elsevier Science B. V.).

HRw2Z L, FBYMRIARZ bViZE DS NEE B
MBICHDLZ EEMERL TV D, BAERE O FEE
MAS A X7 bk Vi, Scheler'™? % Hill 530 {2 & 5T
BOENTHD, 32kHzDOMAS # V5% & Fig. 6a D k&
IRART MVELRL, NIGIZEYIREINTESTD
132, BRERENDTMIELSL-CRBLU—-CF—®
WEs 2 2B 2 B ST A, PTFE ZERLIKEE T4
27 TIEEIMEA 0 E BT RIEEHC LD 2245 L RS,
FEP X T, (#5790 C) LLECTHNITEBRIDI HEITT S
EVb N TWAOY, Hill 53 25 y OB FGHELEZ
Tl L 72 FEP ® “F MAS A X 7 k)L % Fig. 10 |2 7R
BEST S 2imE, HBETREDONEIC A)30 C, 1.0 MGy,
B) 90 C, 2.5MGy, C) 150 C, 3.0 MGy, D) 250 C,
20MGy TH 5. 15 I3ME5DESIL LY, BRh S HFLE
T A —CF (—68~—75ppm) B &L U475l 15 —CF—
(—183~—187ppm) O G E &, #H72IZHEBT 5 K
—CECF; (—128ppm) B & OF K i —CF; (—55~—65
ppm, —83ppm) DG EEZHM L7z, € DR, HFP
151%0)(%9(;4;& BIEIIhIzoTIEE—ETH B DK
, ATSHORZIE D) KmDARIL 250 C UL ETE
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Fig. 11. "F MAS spectra of PFA obtained by (a) single-
pulse experiment and (b) Hahn-echo experiment’”. The
spectra have been normalized to the fluoromethyl peak at
— 83.6 ppm ( Copyright permission from the American
Chemical Society).

o s LTwad, o EO G i, HFP
HOBEIZL )KRTAEDEZRTH, BEOLFIC
oL, 250°C CIEDMHEIZER L THB Y, 227 C ik
5 THRUGHR IR T B FEEAE{L§ 5 &\ 9 Zhong H*
DB —FT B LB T W5,

34 PFA

TFE £/S— 7V F a7 L F )L ¥ )l —5) (FVE)
DILEARIZ PFA LITIEN, FVE O F V3R IT I
1~2% T A. FVE L LTBJH /=7 vturoE
VEZ )T —F) (CR=CE—0—GCF, . PPVE) 7w
5T A, PFA b FEP & AR, RO "F AN
7 MNVIZE Y REBORBF RSN, XEAKMAKEOE
HASTHETdH 52, Dargaville 5> 1% PFA @ ""F MAS il
EEITV, EE5MELLSOPPVED ELFHEE 171
02% CHEHTAHE L DIZ, PFAICXTT 5 y #IRETSEER
D #5 F % Katoh 5'" % Scheler 5'® (2 X % PTFE O £ E&
MR L e, ZZ L TWwA. Fig 111230 °C T 1 MGy
HRG$ L7z PFA @ (a) "F MAS A-XZ L & (b) ""F MAS
AEYZI—ART PV ERT. EHiE (a) TRLHN
%5—686ppm & —71.7ppm D § 5 % & & IZ—CF.CF
(=CE)CE:~2JgE L, (b) TIE D EV—717ppm
DEFOANPBEESNDE Z E0s, BEHH OGS %
&%Mﬂ&%m%ﬁ®%%%%%ﬁﬁ%f&ét%xt.

152

25
20}
1.5
1.0F
[
3 os}
©
% 00
o CF3 side long branch new CF3
05F chains points chain ends
-1.0F
N 30°C
A5k e 200°C
. 300°C
-2.0

Fig. 12. The G values for PPVE, CF; side chains, long
branch points, and new chain ends for irradiation tempera-
tures of 30 C, 200 C, and 300 ‘C* (Copyright permission
from the American Chemical Society).
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Fig. 13. '""F MAS spectrum of unirradiated TFE/PMVE.
The spectrum was acquired at 147 C. Peaks marked by #
represent spinning side bands. Sequence distributions of the
—CF2 and —CF resonances have been expanded (Copyright
permission from the American Chemical Society)*®.
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Fig. 14. '"F MAS spectrum of TFE/PMVE irradiated by y-
rays of upto 4.2 MGy*¥. The spectrum was acquired at
147 °C. New functionalities include (A) — CF.OCFs, (B)
—CF>—CF;, (C) —CF.OCF;, (D) —CF.COOH, (E) —CF
CF(—CF,—)CF>—, (F) —CF=CF.. Peaks marked by # rep-
resent spinning side bands (Copyright permission from the
American Chemical Society).
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Fig. 15. “F—BC CP/MAS spectrum of a perfluoro-
elastomer (Kalrez) measured at a spin rate of 4 kHz at dif-
ferent set temperatures up to 100 C*®. The contact time
used was 1.5 ms.
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Scheme 1. Molecular structure of CYTOP (a) and its possible stereoiso-
mers (b)~(d) (Copyright permission from the American Chemical Soci-

ety).
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Fig. 16. ""F MAS spectrum of CYTOP measured by direct
polarization (7/2 pulse) at spin rates of 13.4~14.0 kHz at
different set temperatures between 30 C and 140 C*.
Peaks shown with asterisks are spinning sidebands (Copy-
right permission from the American Chemical Society).
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Fig. 17. Contact time dependence of signal intensities for the '"F—'3C CP/MAS experi-
ment on CYTOP*; (a) the evolution of the main-peak (112 ppm), (b) an expansion of (a)
at the initial stage, (c) the evolution of the sub-peak (93 ppm), and (d) an expansion of
(c). The fitted curves based on density matrix calculations are also incorporated (Copy-
right permission from the American Chemical Society).
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Fig. 18. '""F MAS spectrum of CYTOP measured (A) by
direct polarization (/2 pulse) at 145 C (calibrated tempera-
ture}, and (B) by direct polarization followed by TOSS
pulse sequence at 43 ‘C*®. The spinning rate was 16 kHz.
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Fig. 19. (a) Pulse sequence for obtaining a J-modulated
13C CP/MAS spectrum. (b) Dark line: J-modulated *F—3C
CP/MAS spectrum of Nafion, obtained with the pulse se-
quence shown in (a), at #1=3.57 ms, which is 100 times the
rotation period'”. CF, signals are positive, CF and CFs sig-
nals negative. Light line: unmodulated *F—!C CP/MAS
spectrum of Nafion shown for reference, with the same line
broadening as the J-modulated spectrum (Copyright permis-
sion from the American Chemical Society).
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Characterization of Perfluoropolymers Using Solid State YF MAS NMR Spectroscopy

Hiroto Tatsuno*' and Shinji Anpo*!
*Department of Organic and Polymeric Materials, Tokyo Institute of Technology, (Ookayama, Meguro-ku, Tokyo 152—8552, Japan)
Perfluoropolymers exhibit very unique properties and outstanding functionalities, but the characterization is generally difficult because
of their insolubility in organic solvents and their high melting temperatures. '°F magic angle spinning (MAS) NMR has considerable poten-
tial for the characterization of chemical structures, morphology, and molecular-level mobility of perfluoropolymers in the solid state. The
considerable benefits from the high natural abundance, strong magnetic dipole moment and substantial range of isotropic chemical shifts of
fluorine can be utilized because the technical problems that hindered the acquisition of high-resolution F spectra with excellent quality
have been overcome. In this article, we reviewed solid state ’F MAS NMR studies on poly ( tetrafluoroethylene) (PTFE), poly
(tetrafluoroethylene-co-hexafluoropropylene ) (FEP), perfluoroalkoxy polymers (PFA), a perfluoro-elastomer (Kalrez), a perfluoro-
amorphous polymer (CYTOP), a perfluoro-ionomer (Nafion), and some perfluoropolymers produced by chemical vapor deposition and
some irradiated by y-ray or electron beams.
KEY WORDS Perfluoropolymer / Fluorine-19 / MAS / NMR / Characterization / Morphology / Molecular Motion / Chemical Shift / Re-
laxation Parameter /
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