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Abstract: We report on the preparation and characterization of sulfonated polymer membranes containing perfluo-
rocyclobutane (PFCB) units and fluorene units. The polymers were prepared through three synthetic steps, that is, the
synthesis of a trifluorovinylether-terminated monomer, its thermal polymerization, and post-sulfonation using chlorosulfonic
acid. A series of sulfonated polymers with different ion exchange capacity (IEC) were prepared by changing the content of
chlorosulfonic acid during the post-sulfonation reaction. All the synthesized compounds were characterized by FT-IR,
1H-NMR, 19F-N]\/]R, and Mass spectroscopy. As the content of chlorosulfonic acid increased, the SD, IEC, water uptake,
and ion conductivity of the sulfonated polymer membranes increased. The sulfonated polymer 4 showed higher values of
ion conductivity than the Nafion-115% in a wide range of temperatures (25~80°C).
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Sl A DREAEA FE2, NEA|, [ 7)E3(Elec-
troluminescence)2A} SollA Yy 28o] Hu vt
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2.1, AExz

B AT ARERE A2 UF-E Aldrichol A
A3t §-5-8uf<l DMSO, diethylene glycol dimethyl
ether (99%)<9} phenyl etherZ ZAE-9 7oA CaH,}
A B $ A9t slA SF39 Tk Zine (granule,
20 mesh, 99.8+%)= 0.1 M g4k =8 o2 FA3lF
5 B ol ECE £ AAH F 140°CoA &%
T AFAXSYT T2 A|AELS A Qlo] AL

S

FeE e FHE &2 FAs] 4
& FT-IR¥} NMRS AM&3tgth FT-IRE Bio-Rad
Digilab FTS-165 FT-IR SpectrometerZ 27319t}
NMR-E Bruker DRX-300 FT-NMR SpectrometerE ©]
43te] 'H-NMR# "F-NMRE 22 243t9c}. 2%
PAL BIA BA B B 2% 4T 9

}o] Micromass AutoSpec Mass SpectrometerE ©]-&

ol

St S48 Ath GPCEAE 1EAte] Ex1FE 89l
3l7] $l8le] Waters 26902 233}t €359}

o] 23l 8-F(IEC)S model 720A pH meterE o] &3}
of £A439om, LCR tester (Reactance Capacitor
Resistor Tester, Hioki 3532-50) hitester impedance
analyzer o] 8] LEAT olg HEEE £

st

2.3, cizkA &4
2.3.1. 9,9-Bis(4-(Bromotetrafiuoroethoxy)Pheny!
Fluorene® M=(Compound 1)

A2E Y75 ] A 1000 mL AHTE} A0 DMSO
500 mL$} NaH 1027 g (0.43 mol)& Z9l8t & 44~
(9-fluorenylidene)-diphenol 50 g (0.14 mol)S 3}
YolF 1l mechanical stirrer2 TWHEIFTh AL~
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AMAo] APH F 1,2-dibromotetrafluoroethane 51 mL
(0.43 mol)S dropping funnel-S- o] &)+ M3 FY
&t we-g YA WA R HS2ETt
30°CE 9z §5E jce-water bathE AF&-3 ) 16
b & wES £9 27 Yol ethyl acetateE
2 o3 Z MgSO,2 A% & HFo
g AASYT 2Y A4RE 20
E3}to] ethyl acetate®} n-hexaneS O]%—o]—
o] 52 AAslA 37.6 g (0.05 mo)E AR (5

37%). '"H-NMR (CDCl;, & in ppm): 7.06~7.80 (Vari-
ous m, 8H, CH arom.), YE.NMR (CDCls, § in ppm):
-86.47 (s, 2F, -CF,CF,Br), -68.58 (s, 2F, -CF>CF,Br).

2.3.2. 9,9-Bis(4-Trifluorovinyloxyphenyl) Fluorene
o H=(Monomer 1)

CAAEYIIEAA AFEEAAY] compound 1S
11 g (0.02 mol), Zinc powder 3.05 g (0.05 mol)S F
diethylene glycol dimethyl ether 6.74 mLol ¥ IR}
& sdA 105°CE €& 71eiFRdeh 16417 & §hg
ES AARE7)E o]&3dte 43t dichloromethane ©.
2 Adg ¥ AFAZ A9 D2Y YHTS 49
FhA o] &7l & E3}o] ethyl acetate$} n-hexane S
o] 23te] B AHASH 55 g (0.01 mo)E ATt
(& 70%). IR (KBr): -CF=CF, (1834/cm). 'H-NMR
(CDCl;, & in ppm): 6.93~7.78 (various m, 8H, CH
arom.), “F-NMR (CDCl;, 6 in ppm): -119.9 (IF, dd, cis-
CF=CF), -126.8 (1F, dd, trans-CF=CF3), -134.2 (1F, dd,
-CF=CF,). Mass Spectrometric Analysis (CHisO2Fs,
MW = 510.43): m/z (%) = 156 (5), 239 (40), 315
(11), 337 (25), 413 (9), 510 (100).

2.4. 99—Bis(4—PhenvIene)Fluorene Perfluorocyclo-
butyl Ether Polymer2| &&(Polymer 1)

100 mL schlenk Z&}A=¢] monomer 191 9-Bis
(4-Trifluorovinyloxyphenyl)Fluorene 10 g (0.02 mol)¥}
2= phenyl ether 16.6 mLE FU3 & &3] &3
2 w7k waketdch £a18 £9 uRe] of=
2 YR ALE FEI) AAT F freeze-thawy
W] A7 s A A
BE Zog F7 A7 F 225°CE €& 7}
shA A wEkIH T 40417 & HES-ES A& dichloro-
methaneo| 2354171 3 methanolol] 23} AJZATEH A

L
.
H

H

o
H 5] KX
o © =
=]
1

dugel A 16 2 A 1 5, 2006

e ﬂ%——%—ol% 5o A2 9 AF nzse 862 ¢

A& 86%). IR (KBr): hexaﬂuorocyclobu—
tane (962/cm) GPC (MW : 89000). 'H-NMR (CDCl;,
§ in ppm) 6.77~7.72 (various m, CH arom.), PR
NMR (CDCls, § in ppm): -128.9~-133.1.

]o i

2.5. 2Z3} fluoreneA 12Xt 4 2 M=(Sulfonated
Polymer)

AzH pExe] ££3 Wk$2 chlorosulfonic acid
g olg3tel AASHch $E3h W4A] polymer 19]
BlE 9w H7)EE chlorosulfonic acid?] T8
2sle] e $EFEE e DEAE AZIHA
oi{lel. NEAQ A2 £E8 polymer 1] Az 73
L ALRYI A ArEstAAe  dichloromethane
150 mL 9} polymer 15 1.02 g (2 mmol L&A} HEE T
o) AFFY T 208 S92 GR wwE ¥
dichloromethane 10 mL$} chlorosulfonic acid 0.07 mL
(1 mmol) E3-& A& dropping funnel-2 ©]83}a] 14]
5 AR BEES LEE FLL FAtR
el waslsdeh A F
zgsd] A8E A7 F 287 29 pHrt 7o)
7R AHEAch ol 2A AxE £ES 1EA
120°C AF LB A 24A)7 AZS}

ES AAA AdE
whz =9l T #E9 Y M2®3 & 80°C ¥
oA 243 Azeo) Be AL, R (KB:
-SO3H (1035, 1095/cm). 'H-NMR (CDCls, 8 in ppm):
6.95~7.90 (various m, CH arom.).
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2.6. g8 (Water Uptake) &8
228 $E3 1EAT) TAE 24T ¥ B
2ol 4847 o4 AN kg Ao} B ®
gﬂoﬂ 1?44—% &L 7\/\1}\347.“ ulo]_LH—, %_&% g]].g] =
AE 24t okdlel 4 (DS ol8ste] AsHAT
3} (water uptake) = me_dh x100 1
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Q

9, ®: Cartridge heater
Q : Thermocoupie
@ @ : Membrane
® U U —® @ Pt electrode

®: PTFE gasket
® : Humidity in
@ Humidity out

Fig. 1. Experimental apparatus for measuring ion conduc-

tivity.

2.7. o|2u# SH(IEC), ZERAH(EW),

=EST

(sD) &4
AxE LA IEC, EW, SDE HAYHUE o4
sto] olgle] AE2HE =243 tH16]. Sulfonated-
polymer 19] AZH = FZAE 233 & 1.0 M HCI
el SAIZES FASE £E4VE -SO:H FH)
2 #ael 242 ¥

TTFE o83t Y B
&3] AHstATh Ao &
A £EZ27]2 2.0 M NaCl& & o]43}e] -SO;Na'
P2 XFHEF 54252 A2 & 0.1 M NaOH
AL o]83td HAA3IH )

leme S(RC) = LLMGENOL ()
@

RERAEW) = b= (8/mod 3)

sl - FWXIEC

SESEOD) = T _JiIEC

(FEWT) 5/ 02 @

q714 W AxH 2o BA, JVeE 252
NaOH¢9| ¢, Cnoone Ao Al&-H NaOH—Q-Q]E] =
T, FWe 182 viEd9) o] Bxjaks 7h7} el

2.8. 02 MEZ(lon Conductivity) &8
o] 2AEEE ZAH37] Yot ol2HIEE EHE
A& Fig. 13 Zo] AFsld e, et 1 VoA LCR
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Fig. 2. Schematic representation of the preparation of
fluorene polymer containing PFCB unit.

tester2 A7|A TS 2HSPT. A A Az2H
TEA 23} Nafion-1159-8 Ao 2 HAEE AX &
Zg 2447 AAAIZ H Fig 13 2o A 5%
of A7) FZ chamberE 21 =7} PrAZS Tt
UA sl 259 W3S FHA(100%RH) Nafion-115
g o]2HER WilE 34 ¢ #ANAL o)A
ExE ol A (5)F Tt SAsA

F

ol

GZR—'Z§ (S /cm) (5)

4714 1& 2R Be) F, RE %) A, SE A

S WAe 27 Yehi.
3. 27 4 EE

3.1. 848 Z83 Fluorenen Ao g4

Ook%ﬁoﬂ triflucrovinyloxy 7] & &-8-5+% fluorene |
monomer 13} EAE ¥3}3}l+= fluorened] polymer 1
of AzE 71 PHE AR (18], 2 Az}
3= Fig. 20| 283 I w7lUEE Fig. 39 Yeh
21t} 19,20]. Monomer 19] x| <) compound 12] A
Ze 71E8 e 2y Az, B Al
Ae 94a3E 98 Qo2 AL EE KOHSK:
2] Z971Q] NaHE ARE-ste] dean-starkS of-8-3F
9 AAL 22 AAZZS 93tnA 8 th NaH
¢ dAley FLEAZNE PYAE sodium arylate=
DMSOo9f| 4] 1,2-dibromotetrafluoroethane} ¥F-2-8led aryl
ether8} 3291 compound 1-& #AI3HA ™, compound
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1. Ether formation
Initiation . ArQ" + BrCF,CF,Br ——— AOBr + 'CF,CFBr
Propagation : “CFCFBr ——» CFp=CF, + Br

ArO" + CFp=CF, —— ArOCF,CFy

AOCF,CF;  + BICF,CF,Br ——»  ArOCF,CF;Br + CF,CFBr
Temnination : ArOCF,CF; + ‘Hsolvent ~———  AsOCF,CFH
2, Elimination

-F
ATOCF,CF,Bt  + Znweeews  ArOCF,CF; + ZnBt*es—— ArOCF=CF, + ZoFBr

'H solvent

ArOCF,CF,H

Fig. 3. Mechanisms for the formation of products and
by-products{21,22].

1-& diethylene glycol dimethyl ethero] A zinco} Hh-g
3t monomer 1-& A A38HA] it} Fig. 3¢ Hol= u}
9} 7o) compound 1 ¥ monomer 19] HAIA F 1k
$7] Yol EAjste Eolvt ¢E Rl 93} by-product
7t AAE e olH3 BEEES TF Tl e F
AANFE 98L& 4 Q7] Wil nEAEY A4
B4 A7) H8iM 2 AAY Ao vH21,22].

compound 1¢] monomer 129 A3 T Az &
PENMR 4}olA compound 18] B4 932 -86.47
(s, 2F, -CF:CF:Br), -68.58 (s, 2F, -CF,CF2Br) ppmo]
ARz, o|2BY H=9 1199 (IF, dd, cis-CF=
CF), -126.8 (1F, dd, trans-CF=CF), -1342 (IF, dd,
-CF=CF,) ppmo] AA=o] §hgo] o]FojFS& &
T den, AFEAS Foll AolA dFE by-product
7t EAEHA EeS FUs T

Polyme 12 %4 phenyl ether® &vjZ A}-8-3}o

B w38 SalA FAHATHIS). FT-IR 442

J/} monomer 19 EA&4 139 -OCF=CF; (1834/cm)
7} ¢1oJA 3 hexafluorocyclobutane (962/cm) A7}
Uehtes 23, "F-NMR 4ojlA A8 2] PFCB 73
Ql -128.9~-133.1& HoA F3 o] o]FofHFS &<
g AU

3.2. £EZ3} Fluorenel I&Xte| &4

Fig. 40 1.l u}e} Zo] chlorosulfonic acidg ©]-&
3t 7ERe $£E39 1EXE A2tk Fluorene
719) A% 2ol BE uie} Zo] F FulA ded
o =Z %Eﬂﬂ' HE Aoz BHuEi tH14-16]. A
2 g8 £EI}=E e TEAE AXE] AsiA Al

WY, A 16 # A 1 3, 2006

Suifonated polymer

Polymer1

Fig. 4. Schematic representation of the preparation of sul-
fonated fluorene polymers.

Polymer1

Suifonated polymer 1

Transmittance

Sulfonated polymer 4

||rall|;|l§||1§1I|n||I||||I||||
1300 1200 1100 1000 900 800 700
Wavenumber [ cm™]

Fig. 5. FT-IR spectra of polymer 1, sulfonated polymer 1
and 4.

7 1B 8de % TAHA]Z|al chlorosulfonic
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Table 1. Properties of Sulfonated Fluorene Polymers

Sulfonated polymer| Polymer : chlorosulfonic acid (molar ratio) | IEC (107 mol/g) | EW (g/mol) | SD (x+y) |Water uptake (%)
1 1:05 0.56 1785 0.3 6.3
2 1:1 1.03 973 0.57 7.9
3 1:15 1.38 725 0.79 13.7
4 1:2 1.86 538 1.11 303
5 1:3 2.41 415 1.52 -
6 1:4 2.61 383 1.68 -
7 1:55 2.85 350 1.88 -
3.0 35
255 30f
- - iEC .
20 o [ -1 0] :\; 25 s
a 2.0F _ < -
2 u _ g 20
= L I C
S 1.5f & I
- 3
o - = 15+ \
= .'. = C
1.0 N s 10f \
051 I H st \\\ \ \
0.0C I ob : :
1:05 1:1 1:1.5 1:2 1:3 1:4 1:55 1:05  1:4 1:15  1:2
Molar ratio

Molar ratio
Fig. 6. IEC and SD of sulfonated fluorene polymers with
the molar ratio of polymer 1 and chlorosulfonic acid.

7} JEd, ARL EESEY It wet Fol
g APO)ET) gojdoE QSN ol AELT} FUE
ARZ o]ojx 7] WjFo|tt. i o)l&HY 7Y
o] £&EA 9 £8 Fxo| we} o) FsAY MaA
FURe B 22153 A% HO0', HsO,' 59 e
2 AYE7| o & o] FU1e 2N YA
olzo] B} &R o|2HETI} F7ISTH4]

Fig. 6 2 Table 19] £ Z3A Fxo Wil we
SDe} IEC#Ee] Wals Jehiqdeh sD#e ¢ 4 (4)
oA Bzl wpe} Zo] IEC o 2HE AXteEH],
IR mEGAY dolt £E3 o|RAFHUE
GolE = ' HEEHN 2 dFdrMe HEEHT
EEF7} o] oA E Mo|EVL F Eo|BE Hu 27}
A9 & M F Uk B AgoMe £E3A49
Z7}o] wel SDZte] 0.3~1.88, IECEko] 0.56~2.85
(mmol/g)2 ZF71ske Aol Uehyed, oA €&
BHAl 9] ko]l FrlAM £ ZA) Y Tjlo] FU1E
of W} o]2mE Alo|EVL Frleta 2 AREH o
Lng 5o 78l AL Jedth £ o2
B £Z3A 9 Fxo| e} fluorenyl”]o] RAEE &

42 ofy l‘ll‘

Fig. 7. Water uptake of sulfonated fluorene polymers with
the molar ratio of polymer 1 and chlorosulfonic acid.

4719 43} ol en@

T M =

= A
AdA A7 2 £EIErt F7iskd T
E2 0l FEEE Y F oy, ol mE
e AL £ $83 89202 FEshed,
ol SDgtel AAOE TS Be A ¥ £E
E2 Q84 Bl A3A Basol % BHE ARz

FA8717F ol A AR AR Bro 2 A AHgo] of
HYRA 7] g&oltt. oA FHAA SZFA| = H)
o he B4EL 239UT 1 2UE Fig 7 @
Table 1o eIt oAtz &3z F7tel
et g ek Frksle AS AU AN
t}. =3} sulfonated-polymer 5~79 7% oA AF
U 5 PYEERE Q3 FEAo| AdtEo] AR
AA vrezAel Aol BAbsEe & & gt

3.4. O|R MEZ

SEZ3 a8z TEY o]LAHAEEE LCR testerZE
o] &3] 100% RHS 2702 5o W& AHAExL
HEE AU eE3tE 1EA Y ol2HER H]
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Table 2. Proton Conductivities of Sulfonated Polymer 2, 4 and Nafion-115 at RH 100%.

Sulfonated polymer 2 Sulfonated polymer 4 Nafion-115
25°C 0.0128 S/cm 0.0690 S/cm 0.0517 S/cm
40°C 0.0156 S/cm 0.0794 S/cm 0.0650 S/cm
60°C 0.0230 S/ecm 0.0928 S/cm 0.0856 S/cm
80°C 0.0374 S/cm 0.1129 S/cm 0.1070 S/cm
016 chlorosulfonic aciddl] &JajA FAAFHU LW, &E3}HA
= M E| A e o B ve) 2HE R SEJEE e TEAE
S otz @ S SAHAT. 225 TRATE DMAC] Sol4 £
g vof B9 LR ANt B ERG DEATL
g oosp A
E oosf il &E3d E%ﬂLﬂ‘ﬁi4l%ﬂﬁ-ﬂ%ﬁE£
g omf % $EIE, olenBsY 59 4o HAY &
[+ -
T oezf ,_,_.,/*/‘ AT £ E3HAY Z7H0.5~5.58)e w}a} o=
0.00 £ i i : R L (0.3~1.88)¢} o)L w53 (0.56~2.85 10° mol/g)o]
20 30 40 50 60 70 80 90

Temperature (T)
Fig. 8. Proton conductivities of sulfonated polymer 2, 4
and Nafion-115 at RH 100%.

BE YA Nafion-1158 FY3 WHoE %
t}. Nafion-1159] o] Ax%E FAgS UE
Wy Ao ggoz FH9 HEF vlasfA zo
veldon, ez 74 gEth o @ s
RHYTH27-29]. 7)A A %Hﬂr £ZI5E 133}
sulfonated-polymer 29} 45 A €dle] o] AT T
Asle] Nafion-115¢] AEE ¢} vlwslgor o1 =
ZAZE Table 29} Fig. 8o VERNUTH 2804 RHol
T Hps} Zo] B AYAA Azxd 182 AF 2%
o] W& 3Fo] Nafion-115HcF AfHoz ¢ 2
RS Bgon, AR £E3wrt L& sulfonated-
polymer 47} £¥3l%7} & sulfonated-polymer 2X.
o= 0] AT E el 9l5l, sulfonated-polymer
4¢] 739- Nafion-1158t} Hojt o] & ArxE el
ol oleidt AREZE vHE o B ATA s
H wEo] AgAXEoR FH3| FE /tsdes EA
o}

. —IIN' oL
o b
o i o R

0

—_—

ol

i

2, —JIN' 8 ow
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