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2022 = 11 A R A 0L 80 B AICEIZEL , ' 2D N MITSHITH 2 FElT 2050 121X 97 fBA
(ZBETDHETRISH, 2 TR RO ERDREL, =% — BRI B Ok 4 2t N
HRL TS, P 2057ty stob & 2015 FEOEEHR STV T, 17 OF—/LE 169 DX —
7RSI SN D R AT HE/C B %6 HEZ (SDGs) MR ESHL, 4 [EFRRIICZD SDGs D HERLA
RKOBITND, 517 D=L DHIHAEE 7 1T F =2 HRARIZELTIZY =12 THY | i
KD 5 N1 NIEKIREL TENCT 7 EATETELT, 62030 £ TITEERK T 5 ATREME TRV
EENTWD, Tl EE O R A2 3L — fE I T LA RE O B B oD KRl b B LY
k& Z BN R K LTI, N2 T A BB I 22 e b i 38 O R H OHE I I BRI %
{BIC K& B % RAF T 720 ALARELO B THB S e i e iewn, 8 2o B YRR
DO7h MR A AR R — DR RBIZLD TR — RN L TD, O LN
b, KR ESLE I B, BREICEEINST <X — DA BT D70, 1)
RN —EH LIRS LETHD, O JEROFFRELL T, REIOTFRVX —Z2)F T LA
VEMARE D R E MK RK SR B IS T - UL QO RS, UF D LB TRO R R
H LB DRI E DR EE B L KT TD, 112 22 TR X —ZiTH 500
THNF—F )T EL KR FHTRGECR N R E O R X —2 ke T 57—
VIKFENEFBSITND, B IKFEOIFE T IEISREEIIH b DD | KFEDEM AT ADOT R/
X — B3N E B (~0.14 MI/kg) VT T LEM (~0.46 MI/kg) SV o7z “IREMICH T
5.7 MJ/kg EEL &L, REFEIZ LD EBIZLONRIEET (~20-40%) L@ W= RL¥—%)
F(60-80%) ZnL, _FILIRFREDFEFME LTV E N ST RN H 5, * BIEKFED
95% R T4 M R D ALK B DA FESN TNAHIEND, Hifg aTRENE IR AL -5, H4
ARE = RLF — HR D =R LF — 2L D KO BRI N LIA 72 L D7k 3 REEH A O %
JBACRDHLI TS, 15

BUAE, 7V — KFEOEeBIE T EL, AR R X —HROE ) E AW KDOERSY
fift TorD, 1 KD BRI REMIXEME | AFEN SR FAE S DAFFf (OH, HY, 0%7) IZ&»
TRBISA, (1) 7AVEL(2) BERER LD, (3) b RHE (PEM) BB I 4) 7=
AU (AEM) BUINZIF 5 (Figure 1-1), 1017 (3), (4) DA A L A HafEA 9 5B
S FREARIE, TERD (1) (2T EEBMOW R 2Bl LD D=3 X MEM ATRET
BV, SHITKFRIE BT DEERIENTEDID | KFRFEI B E RO = 3L —H]
WA ATREE T 5, 18 I RHPED v B4 R AR A U221 iU 7e bl WEgtE SRR (3) L5
0, HEHMESAE pH > 13 Tld, EASROMBEZEH TEH720, (@) OF7 =A L 2l 3a
ANAPHEILTNAHESITEY, FEOEENFHENML, BEITKFERLEDM TGO T,
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Anion Exchange Membrane:
Non-fluorinated hydrocarbon based membranes

Figure 1-1. Schematic of the three types of water electrolyzers as (a) traditional alkaline finite water
electrolyzer, (b) zero-gap proton exchange membrane water electrolyzer running under acidic
conditions using an H' conducting membrane, and (c) zero-gap anion exchange membrane water
electrolyzer utilizing an OH™ conducting membrane. The goal is to use noble metal-free catalysts for

the cathode and anode of an anion exchange membrane water electrolyzer. Taken from ref. 7

5 TAFBNOLTFAX -2 BT TEEL L, fEROIAREHHOL O & B LI
BRI BHE ML E M RIT B ID, 20 BB DOKBEERELE T 2N R CIE., TEkbaEHT
AT IR ORI 72 Ea P L7721 Tl Bieb VO EEIERE A R 37, 2 R
BHLE, KFBOMF T RLF =L EHEE QT RNT — BT HE M Th o720 81782

I 60%FEEITIEL  KBOFREHR KA T DU ELWFIELL CREERICRIHIN TS, S
BHEROEE ST <, 2D AL 1839 E ZAFYAZD W. R. Grove (2L TIERLEL, 1965 4E(C
7 AV G REOFEH MY =I= (Z[E R Sy T EF R (PEFC) 23 #E#ishr, 22
2022 FFHIETIE, FE&?iODi“WI'*?D Panasonic fLD =37 7 —L7pERRARELTHRIESL, K
VIR DT> TND, 2425 PREVEML X EME  REHZ L - T Table 1-1 OJHIZHESI, £
OIS T TR B G TD, 2 AKFREREE 3 DREME 2L 12T 40b 7 A PE
J& . Eifh g (7 —REBIOHY =), BRENORESND, 27 T/ —FAINZKFERE DR
BHE, 7Y — NN R % SN DB AE T 52 TAA R EZY 7/ — R TALE



FIIANE R A B L CTh Y —RNCBEIL | DO EMEZAIME T L I0CBME T T4 OB HE)
DEZD, ZO—HEDHN TEFN/RNDZET, BREOF L X — 2 ER TR/ T —
ELTHOH T Z e T PR Ukt ARV E NN ELS,

Table 1-1. Comparison of fuel cell types taken from ref 26

¥ R oy TR VO BRTEIRRL R WAl R BRIE TR B AR BR AL 4 T R
BlEM (PEFC)  (PAFC) I (MCFC)  Bt&E (SOFC)
RS =y ERE VG2 Li,CO3—Na,COs A N7 ZE
LibCO;—KoCO;  PLa=7 (YSZ)
TEEHIRE 60 - 100 °C 170 - 200 °C 600 - 700 °C - 1000 °C
Bkt H,, CH;0H H, H,, CHs, CO Ha, CHa, CO
EHhFE 30-40% 32-42% =60 % =65 %
Rk IR AESh A HRIR ISEIRS RIS
NI S5 {EHE) PR LU AT RE PN S T RE

HERE LU CRER R 72 F A2 L7z PEFC (X, X2 A7 12 ~T 60 - 100 °C&ELEZHIEIR T
FERISEHZ LN TEDTD , KEBRINE o =y NOIREEA VB L3 /MR R CTEDT20
BB FON AR LR HEI TG, 282 Zhud 2 okl E o AL i LT, PEFC 23
FHSNTOLEAMNTHY, BAR &, HWT B BOE CIOHEIMII TR EITE S ET ML
TW5, 2

1-2. BEEES AR EROBLIRE Z DFRE
HBI{E . perfluorosulfonate % <—AkL
L7z Nafion® EFFI XD E 70 102 4L
(IR LT Bt & o0 T2 B AR E s
KO T8 O A A AR L il i D
EEpST A4 v—eLiTaky 0= CIF- CF, -0~ CF, -CF, - SO H’
HY) BRFEHIN TG, 30317 ) — Cl;-3
RAICKFE DS A U TR FEA
A VBN, T A~ —EEL Figure 1-2. Chemical structure of Nafion®. Taken from ref*!
TV —RIZHESI, S B 4 i
LTEBELZE ISR CTHAIEHB N O SN e FE N Y — R TiEeEi, KE4ELS,
S2PEFC OEEIEREL TS 100 °CLA T DARIRE TZOfE R E LS HEITS 2720 12iE, BSOS
DIEFHEA LTI — %R FSE LMLV ETHD, LA L, Nafion®2ED PEM BLOT A4/
~ SR ORI R BRI I CEDMBHIHIRZBT-D L P => T VR EDIFAE R D4
BE RSN, BIATD PEFC (21X A4RAEEA WO TRY, B RIKOa AN 5 & |

-[ch—CF,-(CF2 —CFz)n:|| -



FCnD, 3 FEERICREAE S 80 kW FROBREIEM S AT AREKDIE | 50%IXAZ Y7 (BN
BEEEFSTFEE ) DIANTHY EDAZ YT DD R i ThD BB TARD  50%3<
Z 5D TS (Figure 1-3), 34 E512 2022 FHIUE, HARD ENLAFFERRFEIE AR =1 /LF — - PEE
BB A B R (NEDO) 2338 ELCUV5 2030 4EZAO KA BTV T [T OF L H A
[CELTROT, Y — T BN 1740 A g ISR LT 8 RS T Ao S T o il
B 500 A g (80 °C, 100%RH) THY, HFEIZITEL THHT, AR PEREEBIC IV SEED R
HHILTND, 3
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Figure 1-3. Costs of an 80 kW PEM fuel cell stack system. (a) Stack costs; (b) stack system costs.

Taken from ref**

1-3. 7 =3 A HANETL R EE

EMFE D PEM ORHOVIZT =4O AEM & =T =4 AZ AR E B (AEMFC,
Figure 1-4) LHFZEBRFRE N 2SN TS, TR RILFEREIC, 7/ —R CTAENSEFEZROHL,
HY —R TR DETUNPIL D, 7o LTk SDAA AEN R Y —RTHERK
LIz KBB4 (OH ) % AEM ZilL C7 /—RIZEikSnD, 36 Y —KTCld, BBR LKy
TSN B G- 5720 BRI T SN HBIT DIE A LR EEA T B R B R T/hSL B
MR B T HERE MBI DLWz Ay NG 55, 3 Elzlinb s A4 75 OH T
BV HIEPE LA CROSHELT T 5728 . 7 a b OB LB S IER IV NSL, o=y
VDI AR T B, BERN—T 7 TT7 2 DIHRER Tl ¥ BMEATED
7=t | i AN 7o IR B L AR O 2 AMED FTRE TH D,

L, Fab BB HEME Tihd Nafion® D LH7e @ 22 @M+ 180 mS em™! (100 °C., 7k H7)
LWV DT E A ARG AW ST HED7 AEM (3070, 364042 X512 AEMFC (28Tl i
MENDEREBFIRELTHER LIS A, SRR T O bR FE 2N L TLEND, K5
WD REEAA Y (IREEKFAAL) Z24KL 20H + CO; » COs> + Hy0), fEDHHT A NS



H5720 8, AEMFC I1ZFEZH LS Tunven, Fhdz  mZZ ez R, 7> PEM IZH~TID
EA A ARENEZ TR T 157 AEM OBIFER KD LTS,

Anode: 2H, +40H™ — 4H;0 +4e™ E'= —0.83V
Cathode: O; +2H,0 +4e~ — 40H™ E'= 4040V
Overall: 2H, + O, — 2H,0 Eeat= +1.23V

Figure 1-4. Schematic illustration of the AEMFC and cell reactions.

AEM D557 1 8B #1213 polyolefins, polystyrene, poly (ether imide), poly (arylene ether),
polyphenylene*#S 72 E N WLV, A A UMREICH 5T HHF A AL L TIX quaternary
ammonium <> phosphonium, pyridinium ##& 2N HWHAL5, 4 IS HWSILTND AEM &L T,
quaternary ammonium ;2 DR EAER ¥~ D A201 ~U—R (Figure 1-5) X° AGC X4t
SELEMION™, imidazolium 52 Ionomr Innovations £1:0> Aemion™ 72232815541, Aemion O
FHIZ 131 mS em! (50 °C., 90%RH) &ILHAY I\ MAEMEA TR T AEM b IRGESID IS8Tz,

47-49

=

S\

A/ Ri.Ro. R Cobone, n=1-6
e
X Rz

Figure 1-5. Structure of Tokuyama A201 series. Taken from ref*’

A Cn H2n+2, n=3'8



Ll Wb Nafion®lZE ORE M TIdel | REEA A ORI [k TX722 2 | AEM
DAFAZENEDSEEDMEIREL TR R OFETH D, LnLRRD, fIRiR (EiR) 1[ZB80 T,
HYUZHART OH OBEEN 0.57 HRELIZR, AEHICBBILIZWAA U ETHD,
HSOAEM 1D OH™ O FEFRHEANT = A LT, Ky DKFRES - LG FEE O - Gz /L
C OH 2iikE415 Grotthus s, JEH, <, Ay 7128500 THhDH (Figure 1-6), 51\
FTHNDAN=ZZALZEBNTEH, KD FBEDY OH OBESHTF AR @m D -~ Ny AR LD
BRx M EAENCARAF T 2720 L AT ARENMEZ 7R T AEM I E— AR ES 20,

Grotthuss Mechanism Diffusion Convection
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Figure 1-6. Possible dominant transport mechanisms for hydroxide in the anion exchange membrane,

analog to those for proton transport in PEMFC. Taken from ref*!

1-4. 7oAV BRBED A PR EE LT DR

A ANCGHEENLT 7T T — B ATV REBLOAF U BEIEOR TEIND, 2 (4158
JEZ R LSO RO EEHASND LR, A4V EOEANIZLD AEM HOAA PR,
Tl b AT AR R (IEC) ZHNEE528ThD, 35 Figure 1-7 IZ PEM 53X OY AEM O
IEC ¢AAMNREEDORE RS, SFv)T A4 ThHD OH DIREEL IEC A4 DB
45728 56 ZDINTHAHIT IEC A AMEEIZIEDOMHBIRIFRICHY ., IEC ZHINSE
HZEIIREE Z R X7 S a—F LU THEEICHW SIS,
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Figure 1-7. Comparison of ion conductivities of PEMs and AEMs, as a function of IEC.

Conductivities were measured at 30 °C. Taken from ref *°

LInLIe D35 UK A 0 B 2 BT EPITE AT 528280, BREHEM O FEIBR 5L T
DINER IR S I T B E R R KA ZE L IO RN 5 i 2D (Figure
1-8, 1-9), 5738 ZD X7 lAM & Il 95 FiEE L T ALFAEE 2 5 LI K &2 Bl 5725, 5900 [l e 72

polyfluorene 72E DE/K MBS ZE AT 5, 0102 LMD EE BRI > TIIRD L E

THIENFETHND,
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Figure 1-8. Relationship between IEC value, WU and SR. Taken from ref®’
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Figure 1-9. Schematic illustration of increase conductivity and membrane distortion with increasing

IEC.



IHIZ AEM 2B DA A R EEO RTINS 1 Tlded, — iz F A e L TV eS
ammonium A& OH™ DARMVREEEL S 22T DD, “PEM I3\ TiE, LIZUITAFREEE DR E
ZEGEET 2780 IEYERL L L T RBYIE SIS sulfo EED b, AEM ALV IERTELL,
BAMEFE D B O R EE T A trifluoromethanesulfonimide 72 E 23V BIL5, SAEM IZRBWTh A4
UMEEE A B A7-0  ammonium DOV F AU FEEL CIEBM N IEBIELLI-DTF A
VFECH S guanidinium < imidazolium 72E S HWGIL, EDREMED FENHESINLTND, &
N ZOINTEEMDIEREL LTI T A FEIL Pearson @ Hard Soft Acid Base (HSAB) HIiZ
BIFLELNOEEEL COMWEZRL, BWEILTHS OH O BAERNME T 95287, fifhf
FEEDEEINT D, 7273 LTci3oC BB AL IERTE T DL THEBEEE AL A4 IRED
N, 7 bAF ABE DM EAHIRFTED,

1-5. 7=F U RESEDOBENE L E DRI T

RTTECIR 7@ | A A ARE I IAA VIR ELBEEOBBTRIND, LIe> T, BB
ZA ESELET T r—F L EWMOENTND, A4 BENE L, MBStk £ nF
ol OH MO AN, BLOT /A XDZET v R VN O REALT S8l COA 4 EH)
LTS, 32 BARFIIZIE, Figure 1-10a OISO/ NSIRAF L T2 — (F) DNERKPE~RY
v A () 1T L, BUKME~R) w7 RS0 A A ARE DR ES DS A1 X, Figure 1-
10b DIDNAF L I TAZ—DREL T DOREEIT WA BB EAZ 7R3, 72721, Figure 1-
10c DISITHRFNZEE LTS BIEA AL 7T A —ROAZREG5L A T~/ ki BEa 5| &
27 BRHYTRE N FE LR T2, ™ @ 2O A B AETICZOIIR0AF s
WF X RNVETR T DOIIREETHY LD —R A7 ORfRE/2D, 587576

ﬂ Dispersing n Aggregating Over-assembling

Figure 1-10. Schematic illustrations of the strategy and methodology for constructing ionic highway
in anion exchange membrane. Small ionic clusters (blue) are dispersed in a hydrophobic matrix

(yellow). Taken from ref’

BEIEAE LSEAMOT7 Fa—F LT, T ay 7 BmEEETY. HAWIIAT U NER AL Lk
IKVER AL Ze @ 3 F R O B SEDZE T MBI ELFHEL A M EROBEEZ S D
2T, ZOIDRBET v x N AT T D FIEDIKHWDID, 780 Z O 700 55 B S 2 T AR
LTCWAEE BIKMEDA A AR AL A A ZE LUIR A T3S 32 HUELDS Figure 1-11 O



JOIZBIHEID, 0 ZD X577 ay 7 ILEARTIE 2 mmol g! LT OHFEEED IEC CF 4y BfEAH
EZURR T HZENTE, RULFREE DM B E 2 TR LW T2 DLEH G (KD AEM (2

HARTELLEWAT AT EZ R, 8

L

-‘-‘ 0.67

- + QQRPES
+ QQBPES

nEA
basn AN iy 0 . DQRPES

l(g)(a.u.)

T
i 2.71828
Q(nm") Hydrophobic phase ©* Hydrophilic ionic groups

Figure 1-11. The SAXS profiles for AEMs (left) and the model diagram of hydrophilic-

hydrophobic structure (right). Taken from ref



T Kim i, @V [BEC 07y 7 E S O LTI L2846 7 HE7 pyrazolium %3k
AREBICE0ER T 5L C, RFTRIZR D F A OB EERHEINL . WA A AENE (IEC: 0.91
mmol/g, 112 mS/cm, in water at 80 °C) %7~3 AEM Z{/EHRIL7-, 8 Figure 1-12¢ D LHIZZEBEN
TWRWIGEIZHETC, Figure 1-12b D IHICH T AV PN EBEIN QDA D A E LLARE
PERE EL TR, AT AV OB EE @D | A4 ANRERAR KT D e MmiE 2 h) ESd
LR IeT 7 a—F LU TR—RRINT, SHIT IEC MMEW=d E K ZH S, RO (7.9%.
80 °C) Z/RLT=,
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Figure 1-12. Design of ionic highway through a pyrazolium cross-linked triptycene polymer. Taken

from ref8?

FIALFRE A T TR EAERIC KO AT A BB FE A IS ET-FlHHY ., Yang HI
poly(2,6-dimethyl-1,4-phenylene oxide) DHISHIZ ammonium {4 %5 L 7= phthalocyanine %
M AL7- (Figure 1-13), 83 Z® phthalocyanine (% n-n fH AAEAIZ DA w7 L, filf LS =T v
FNAEIEE TR 5L T 236.2mS em! (IEC: 1.36 mmol/g, 80 °C) &\ WA A A A R LT,
ZOINULFREAS TR BEVER IS ThHF AV DB E A E DL THRENE A EL,
BT AREVED W TED,
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Parallel OH- channels

@
N(CHg)3

Figure 1-13. Chemical structure of poly(2,6-dimethyl-1,4-phenylene oxide) with quaternary
ammonium phthalocyanine (left) and schematic illustration of the phthalocyanine macro-cycles to

stack together to form well-organized “hydroxide channels.” Taken from ref®3

1-6. 7=F L ZHIRDERFIE

AEM O AR TFEIIREL DT DHLEREEABIOREM AT HND (Figure 1-14), 8485 B2
HAE T, BRIRT V7% Grubbs il I K> THATHBEEAY B AEE (ROMP)SY v =
WE)—a TV ANBIRANC Lo TEATHI7VUVES 8 REICI-> T AT AV EEA TS
BT EBERT D, 8 ZNHOEAIETIIT NVAVEZIE, >0 LB T Mk ) R PE 2 B
polyolefin ‘B # AEM Z & 1% Al HE TH D, ¥ £72 AEM DA T 1E TS WS N DB IERTIE.
poly(phenylene oxide) 72E D& 7 FISAD Kb/ 27" T /L% /LT tertiary amine & >KAEZE L7
5HZ&ET ammonium A4 L EHEANT HZENTED, P FELO FET imidazolium °! <° pyridinium
2B THEHTE53, cobaltocene® 72 DRFEL7R 71 T A L T CTlISREZ S I LD R AESIX
ITAI2N® | EIREAIELMOREMIZL>T AEM IZEASh T,

WA, B, @ AP0 53 B CiE H 248 | Sharpless [ZX > THEABESIL 2022 Fi2/—
XU EEZ B LTIV 77X AN =3 AEM O3B THEAIIL-D D85, 4949 71w 77
SAR =&, BRI E < IRFH O BB A TE  IRARBREE TH#EIT T 2505 THY ., Dields-
Alder )i, thiol-ene (yne) i35 TN Cu-Catalyzed Azide Alkyne Cycloaddition (CUAAC) 72&
DT OND, P 7V rIAN) —ZIERHT 52T RAIRI~—FIEE AT A L FA S H TE
5728 AEM OFFEHLTHAN LA T D,
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Figure 1-14. General synthetic strategies and common backbones for AEM applications. Taken from

refd’
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1-7. AZFVRELBHER L0y FERE

UL ERY AT 2720 IEC ZARIHT DU EDHY | DI X TAA L IREEBENE 2T X
WHZETAT ARG E DI RPN TED, A4 R E O EIZIXIEE A OIERTE( LI L DfiE
BIERE DRI, A4 BB DA FITIZATF AV IROEFREN 1 DOFERLELTETON, 2hbs
WNSEAZEICE ST, JNEWATAZEENEHR TELHEZIOND, T, AW n FEEd
FTHZETIEBEMBIERIELL, 23T H DO TS TREEOERIZZAVSES nn A
TERIC k> TERT IR L R EBERLDOAITF A% AEM ([EATHZET, @A R E
EBENEL ST D, ZREBRE CHLNT AV 2 WESNTBY, 2 Th SR EFR
DIGEANL I ZE B IR %A 3 5 F 74 Fil X azonia aromatic heterocycles” (AZAHs) EFEiTiL, %
DA FIECHTEDHFZESIL TS (Figure 1-15), 7 LL AZAHs OB RMAEMETH S,
BINENPRFELLZ L, HDWNEIE LT R SEFRIZRFFE D AT O TRY, 2RO fE 500
REEMEIC OV TTTFEAE BB TR,

Figure 1-15. Charged aromatic heterocycles in which the cationic structure is produced by the

presence of a quaternary bridgehead nitrogen, “azonia aromatic heterocycles” (AZAHs). Taken from

ref’?

AZAHs |ZBWTC, WG BB S D20 HOFREYNEDOHE e STV DL EMREEL T,
Katritzky 5 % [ZL > THRRSIVMEERTEILIRE Y =0 L (FEP) 73%%, FEP [X pyrylium 7°5 2
BefETH R TE, aniline 1285 pyrylium ~ORBEBEICEL > THRBREAA S IZH MRSV, 2O
BRICITIEFATFAE T ORI 322 CHiBRAEE 2 3% (Scheme 1-1),
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® 6‘5 ® ®

) hv O .

\BFy —Z [ )BFs — BF,
|+ EtOH N EtOH

O O O AcONa

Scheme 1-1. Synthesis of the fused expanded pyridinium (FEP) salt.

ZO FEP 1AW n A2 L TWDIEND, 5 LIS (DFT) sHAEICE> CIEEM 23
JIEALL TODZENHIESNTEY (Figure 1-16A), ZOIERIEMIZ L > CIEEM R L O#E
BOFEDMMFIS AL, BT DL SR X BT LBLIIS N TS (Figure 1-16B), 1 Z0
FEP [0 %) - MIFEEEIZA 0.35 nm THY, nn FHEAEMZEREY H L, BMaA T 5% HR
LLTHT LT —IRTAZX T HRLNI- ] TH D, 101

-1.10
-0.95
-0.81:

-0.66: B
=052}
-0.37:
-0.23:
-0.08:
0.06:
0.21:

Figure 1-16. A) Charge analysis of FEP and B) relaxed structure of the FEP ClO4 dimer (C: black, N:
blue, H: white, O: red, Cl: green). Taken from ref!'®

EBIZ Wu BT FEP (27 F/LHLAE AL, 20 methanol {§i8% Va7 x— N EIZRay 7%
FYANTHZET—IRITTDOEEERZTER LT, 12 ZO—IRTTEEMARITT /L LD van der Waars
INTE-T FEP OEFE M LU, EORBEERT VX NVEHREROA T 2 —T =4 KAFL
TEETHZENHESN TS (Figure 1-17),
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2.
200 NM

Figure 1-17. a) SEM and TEM images (inset) of the solid fibers formed by FEP with hexyl (CI" form);
b) SEM image of nanoribbons formed by FEP with tetradecyl (Cl- form); ¢) and d) TEM images of
nanoribbons formed by FEP with tetradecyl (Cl- form) at different magnifications (1x1073 mol L™! in

methanol). Taken from ref!*

A SLNZEBWT, YD TZD FEP % AEM OB F AL FiEL CGEAL, OIEEMOIERIELIZE
ST OH LD AEAEHZAR FSHLZE T, BERIELAA RE DN |, @FEP D5+ MM A
TERICEDEIEI Lo TAF NG AL T DL T AA BB E DR EAY | EoA A
{REVEE ST D,

LU b2 E 2 TARIFFE T, OEBM OIERENEIC L DB B E LA A IRE DM E2MGEET D
728, Scheme 1-2 XX Scheme 1-3 O XHIZ FEP ZIEHICH T 280 Faikit. T2,
Scheme 1-2 Tl vinyl £/~ —% G L, BUKMEE/ ~—LTFVWNILERTHIET AEM Z4F
T2, 2, HOPUOHEKLTIEE S 27V 7rIAN — D —FfiTH2D CuAAC IZE->TH
4y IS4 FEP %238 AL7- AEM ZAESLL (Scheme 1-3), FEP Z I H 35K~ — D)7
B R I AR D,
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"
e@o

Scheme 1-2. Synthesis of the FEP polymer via direct polymerization.

g I ;
I »
+ CuBr, PMDETA
N N
3

BF, NMP 3

AIBN

07T DMF

NNy
O O poly-FEPx O
O BFy
Scheme 1-3. Synthesis of the FEP polymer via post-modification by CuAAC.
BT, QFEP OERUZLOBENE DA EAREET 5720, Scheme 1-4 DIIIZT VF/LEHE

BT 5 FEP ZIEHICE A LT @y 155K T 5, TIVXVEHE D E2D FEP &KL, 7 /L% /L
PR LERENE, ZOA A AREM DR E BT D,

@ g
i &
5%
o T A
0 )0 R BF, N CB
d ~ d >
—Tzru cubr, PMDETA [ PIVIAAAA
3 NMP ; c18

Scheme 1-4. Synthesis of the alkylated FEP polymer.
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1-8. AFwILDORERK

LLEXY AEM [3UKFEREEICIT 27 =4 R HERUK R, KFENDI) — BRIV
F—Z W3 AEMFC O E B THY, ZDOAA ARG EZ 0] ESED0ERH D, O R
K £725 IEC ZHINE D2 L2 A ANREE SONEE DRI T AL THHAF U IRER
FOAA U BEE DM ERRDLND, T TR TIX, EBMAIERE L UEREL R
FEP % @& FIBIZE AL AEM Z/ERIL OIEER OIERIEICED OH O EAEH O
BTG5 BEIE LA A EDM . @QFEP M5 T-RIF BN DA F A4 Ho &R
WO T BEN E DM S ATRETH DL ERAELTZ,

2 BT, BRI GV EE H A D FEP 35408 FEP O bromo EH#AZ AL . B fEFD i
JLEI%REERS (TD-DFT) A ZBE AL T, HMEER GO T2 THILTZ, S5 DFT &t
IZE5> T HSAB HICB T AN T AL HOSLhbLNSEFE L, OH EOM AERZHEEL, 3 &=
Tlix, OEBMROIERENIZES OH EOMENEHDIR FRbIb T A4 BB EE LA A4 YR T
DI EERRFELTZ, Stille 7>V 71250 vinyl € /~—%5A KL, n-butylmethacrylate &73°%
NWALEAETHILET, IS4 FEP 2635 AEM Z1ERLL7-, [FIAEIC ethynyl EHUAZERLL, 7
Vo7 rIAN) —Td% CuAAC %l 9528 C, FEP Z @4y TAISHIZ 8 A L7 AEM ZAERIL |
B TEE~D FEP OEAFIEDOKRGF BEOZEDOAA AREN LTI LT, 4 T T, 7%
NHEODRERD FEP 26K, ZOEMBMEL L., SHIZZnbE&ma HIgEICEAL, 7V
FVBHR LERNE T OAA ARG A 528 T, @FEP MO 5 1 [BHAA/ERIC LD
DHT=OTAA L BENE DN EARRFELTC, 5 H T, SR OMREEEOMRE, BEEZFLT,
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F 28 WERBIGREVSZDLAFUE/T—DEREEEROIEREME

2-1. F¢

1 TETIRAR2I51Z, FEP % AEM O AT AL FlE L T A LTS B2,

FEP (X Scheme 2-1 [ZHEVVA B CE, RIBRA THAOBABRIZILIEL Y =7 L (FEP pre) 1%, 7
Na— VIR CERRFE S BRI T A Ths pyrylium A4 1T aniline ZREZKET 5221
FoTHEDITERTESD, 1220 FEP pre D7 /La— WiRiEaEE#Z ATV 7L, SelE5281C
Ko T MEERTE D FEP 56105, 12

Scheme 2-1. Formation of fused expanded pyridinium salts.

BARBIZR G AT = A L% Figure 2-1 OV HESALTEY, 3 L L7 FEP pre (a) (XHrEk
A7 RETEREFN (ASR) (2~ T pyridinium Bi& 2 7 (6 i7) O benzene BN it & L~ 7=t
(ar"). FEWIEMIIIZ b O H R E AT D, 2D, Bk ED OGIZEY | K FE b
D, ¢ DINTHHNEER LT-REEZ R, 12 CERANTAL T O 5 FERITRB O THeBR B 2318
17U, #EBRIZ D FEP (Figure 2-1 1 e) ZEKT 5, 3

ASR ASR -
af . C 1

Abs| hv

- — a

wﬁ © gz@ C(g‘

2= 7n° p=20° apa=02, p=0° e (iii)=6 57
i R =H; ii: R = CHy; iii: R = Ph

P

A

:
.&g\%

=

BN
:.:u'=0°
]

Figure 2-1. Formation mechanism of FEP by UV irradiation 3.
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FEP % & 50 TISHIE AN 5720 OEHELIE, EIZ Scheme 2-1 F10 X, Y OALENE Z LI
%o X OALE L pyrylium A4 DJFUE} benzaldehyde O para-(rDEHLILIZ L~ TE H N A[HET,
Y OALE X aniline O para-fLOEHILIZHEKF TS (Scheme 2 - 2), 45

2) HBF,

0
O\ 1) POCl,
+ X — N e

Scheme 2-2. Formation of pyrylium salts from acetophenone and para-substituted benzaldehyde.

LL72235, FEP @ 1 TR FE 235 H# R A ICEHRSNTZ FEP IZBW T, Y OALEICE
BIEDNEA SO F A ACSNIAEEE Y ) P =0 A Tl EHEERSUG ST T LN Z &R
HEN TS (Scheme 2-3), 5 ZHUTFILIREEIC W T, EHAILISEASN - HEROE B E
DI 22T C-H FAD T, MBI B T 2K FRFE N E T LW ThoH LS
AUTHY, FEP ORITIBUTh E BN & CHSHIC Lo T, MEBR RS EITLR W ZEN TS
o,

Scheme 2-3. Synthetic routes for the 1B, 1Bme, 1F, and 1Fye. Taken from ref’
ZFZTARETIXL FEP © X BIO Y OMBEIZHY T V7 G TEROBHIEEE A TED
bromo FEEHRDOPHBRIEE G AL EDOMEER S EAT 5T, SHIZE A LTZBHERIRIZL T, BE
LRI RKE O 2 B LRI SRR (TD-DFT) 3HEE1TV, S BIBRIEOILIRE ) P = A4
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VLY SN o SN ONE D E =52 w1 | B9 el

EBIZ 1 FIZBWC, IEEM OIEREEDAT AR EOREIMEAA L BEE O, 370 b A
TAREPED ] EIC DR DZEZ Rk~ FEP O IE B O RIEMEN A SN TWAZEE LI,
AFEIZBOTH—IIIZ AEM ELTHWLIL TS T4 Flik FEP @ Hard and Soft Acids and
Bases (HSAB) HI ¢ 123517253 MRODFREE 27 il 7 2R L, 0 hE% DFT #HEIC
Lo TRt L 7=,

2-2. ER

2-2-1. FERRZE
* 4-Bromobenzaldehyde (> 97.0 %) (TCI)
+ Acetophenone (> 98.5 %) (Wako)
+ Dichrolomethane (—f%) (Kishida)
* Phosphoryl chloride (> 99.0 %) (Wako)
* 48 % Tetrafluoroboric acid aq. (Aldrich)
+ Acetonitrile-d3 (99.8 %) (Merck)
+ Ethanol (99.5 %) (Wako)
* Sodium acetate (> 99.0 %) (Aldrich)
* Aniline (99.5%) (Kishida)
+ Dichloromethane (Wako)
+ Hexane (Kanto)
*+ Methanol for LC/MS (2 99.7 %) (Wako)
* Dimethyl sulfoxide (DMSO-ds, D: 99.9 %, TMS 0.05 %) (Merck)
+ 2,4,6-Triphenylpyrylium tetrafluoroborate (98 %) (Aldrich)
* Sodium acetate trihydrate (Aldrich)
* 4-Bromoaniline (TCDH
* 4-Vinylaniline (97%) (Aldrich)

2-2-2. AR
- BEH5HrEF (HR-ESI-TOF MS) : Micro TOF (Bruker)
- BRRIEIRSEE (NMR) : INM-ECZ400S (JEOL)
« T—UZZEWIRIN G IEEERE (FT-IR) : Spectrum 65 (Bruker)
« NTA—HAT UV i LEEE  HB100A-1 (AS ONE)
- SN ATBLE AR R EERE (UV-Vis-NIR) : V-670 (JASCO)
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2-2-3. MERALRE YV =0 AE )~ —D A AR

Sl

R =H, vinyl, Br hv 02

—_— BF4 BF,
EtOH NG MeOH
& AcONa 25 °C
O 0 ik
R
R = H: non-FEP pre R = H: non-FEP
vinyl: vinyl-FEP' pre
Br: Br-FEP' pre
O/\ i :
1) POCI3
+
o 2) HBF, ) BFy EtOH ~ BF4 hv EtOH
S YL O oy e - 25°C
BrPy Br- FEP pre Br-FEP

1,2,4,6-tetraphenylpyridinium tetrafluoroborate (non-FEP pre) !

4 mL Y7 VEHRIZ aniline 0.34 g (3.60 mmol) % AL, 3 mL @ ethanol (ZEfEL7=, 100
mL 17722 ethanol 35 mL Z AL, 2,4,6-triphenylpyrylium tetrafluoroborate 1.64 g (4.13
mmol) } TF sodium acetate 2.07 g Z M &., %fEL7#% 60 °CT 5 43N 7=, Z#UT aniline
VIR T L EARIRIH AT T 24 BRRDINBUETT (100 °C) Z2AT-7c, ZOWikA 5 Bl i
[ETHH LI BEIEIRETT 72, FOI7ZEA) S dichloromethane & VN TyEIL , =3
Rl —3Ia L7 dichloromethane —ethyl acetate JEETAMEA W TR MmE To72, ATHL
T i el A P 2 o TR L 72,

2-phenylbenzo[1,2]quinolizino[3,4,5,6-def]phenanthridinium tetrafluoroborate (non-FEP) !2
200 mL 777 A=(Z methanol 110 mL % A%V, non-FEP pre % 0.20 g (0.42 mmol) Z/1x7-, =&
T CERF ATV 7 UG 2 Wi UV 2T L7z, W% 5 REREEE Cm AL 7 | I
JENEE 2o TREHA AR L 72,

2,4,6-triphenyl-1-(4-vinylphenyl)pyridinium tetrafluoroborate (vinyl-FEP’ pre)
4mL 7 VERRIZ 4-vinylaniline 0.43 g (3.60 mmol) Z A%L, 3 mL @ ethanol (ZIEfRELT=,
100 mL 177 A=1|Z ethanol 35 mL Z A#1, 2,4,6-triphenylpyrylium tetrafluoroborate 1.64 g
(4.13 mmol) K U sodium acetate 2.07 g ZHN % | RS ET-1% 60 °CT 5 /3 EIIZEAL 7=, 2l
SElIZE D 4-vinylaniline IR A T L, RS T T 24 FFEINZVEDT (100 °C) Z1To72,
ZOWRZ 5 WM EE CmAIL7-% | L& 21T -7, Dichloromethane-7K T sodium
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acetate AR L7=1% . g% = AR — a2 L, dichloromethane —ethyl acetate V&4 VA%
TR R EAT 272, HTHIL 72 S 2 RIS I K> TR L7,

2-(4-vinylphenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium  tetrafluoroborate  (vinyl-
FEP’)
200 mL 77 A= ethanol 110 mL % A4, vinyl-FEP’ pre % 0.20 g (0.40 mmol) Z /117, =
i FCTHBEATI UL 3 Kl UV 2L, BUEARICIVEEZRE EL%,
methanol (Z¥Af#L | diethyl ether (25 PEE L 7=,

1-(4-bromophenyl)-2,4,6-triphenylpyridinium tetrafluoroborate (Br-FEP’ pre)

4 mL Y7 /VERIZ 4-bromoaniline 0.214 g (1.25 mmol) % AZL, 2.0 mL @ ethanol (2% fi#
L7z, 100 mL [ 77 A={T ethanol 40 mL % A%, 2,4,6-triphenylpyrylium tetrafluoroborate
0.568 g (1.43 mmol) % U\ sodium acetate 0.718 g Z /%, TAfRSH7-21% 60 °CT 5 43 fEIMEAL
7eo ZHUZHEIZE D 4-bromoaniline AR A N L., 25 T C 24 KFEINEGEDE (100 °C)
ATl ZOVEHR A T/ IR — 3L ethanol ZFRZEL7-#% . dichloromethane (ZIAfRSE 7,
dichloromethane -7K C sodium acetate ZFREL%., MfEE = AR —Tar LIRMELTZZ,
hexane Z & VAL LT FRLEHRIEETT o7,

2-(4-bromophenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium tetrafluoroborate (Br-FEP”)
200 mL 7 A=1|Z ethanol 110 mL % A 41, Br-FEP’ pre % 0.20 g (0.37 mmol) %z 7=, iR
TCRRHFE ATV T LN 12 K UV 2RSS LT, E2pOGhowsiRz 7V 7L, UV-
Vis JIEEAT -T2, RISHE T/ \RL—3 a2 k0, IRIEA B £ U7-% dichloromethane (Z
Vafi# L., diethyl ether IZF7RE L7,

2,6-diphenyl-4-(4-bromophenyl)pyrylium tetrafluoroborate (Brpy) *°
50 mL .17 7 A=1|Z 4-bromobenzaldehyde 740 mg (4.00 mmol) & acetophenone 1.20 g (10.0
mmol) & ANTZ, TIVAVNT Y T a0l F 4% ZO%H%Z 60 °CITINEAL | phosphoryl chloride
665 uL (7.11 mmol) Z/V L3 o FL, & 71— FT 60 °CT 72 FEEMNEVE To7-, AL
Te AR AR 80 °CITIMEALT- ethanol Z¥fiR 3 5E Tl FL7-, Ethanol ¥#KELIZHDIT
48 % HBF4 /K& 1 mL & ethanol 2 mL OIRETEMEZ T L, WJE CRE L7, Zh AT
TEiEBL , AW a7,

1,2,6-triphenyl-4-(4-bromophenyl)pyridinium tetrafluoroborate (Br-FEP pre)
4 mL Y7 VERIZ aniline 51.2 mg (0.550 mmol) % AL, 1 mL O ethanol (ZIRfEL 7=, 20
mL 177 A=|Z ethanol 6 mL Z A#L, Brpy 300 mg (0.631 mmol) } ) sodium acetate 316
mg &N Z | IEfRLTZ# 60°CT 5 53 [INENL 7=, ZAUZHEIZE D aniline IR A T L., 2355
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PR TC 24 KeREIINBGR R (100 °C) 2 To7, ZO@EKE =/ R —2ar Lz,
dichloromethane — 7K T4y L. HfEZ /SR —a LiE#iE LT-, 24 % hexane (ZFFVLERL
7ot RIS IR L . AW AT LT,

2-(4-bromophenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium tetrafluoroborate (Br-FEP)

200 mL 77 A=1|Z ethanol 110 mL % A#l, Br-FEP pre % 0.20 g (0.37 mmol) %A% 7=, =i

TNTERFE ATV LN 2 [ UV ZRRET Uz, IR AR B T HI L7214 | TBEIE
WEATVN, A ERIERIER LT,

2-2-4. DFT HEIZXDMBERIEEL ) =y AE )~ —D AR et

(GRS

V7R =7 : Gaussian 16W #5575 TD-SCF DFT
LBE%: B3LYP FLEBA%L: 6-31G+ (d)
AE" :singlet FIEE7 /1 none

AT CTHA L7z Br-FEP’ pre, Br-FEP pre, B #5572\ non-FEP pre 33U vinyl-FEP’ pre (Tt
LT TD-DFT FEZ4TV, BhEIREED HOMO DEFEEARDHIET, JHEERFISICHITS
AR BB EDEITT 20 EID 2 FRILT, 3

2-2-5. DFT HBEIZ LB F A DRDLNEDEH

[GHER ]

-f i b (Optimaization)

V7R =7 : Gaussian 16W S 715 HF
JLES%: B3LYP AR 3-21G

TAIEEE 5 /1 none

- T RLF—FHE (Opttfreq)

V7R 7 =7 Gaussian 16 W FHAE 715 DFT
LBE%: B3LYP FLJERA%L: 6-311+G(d,p)
VAIEE7 /L none

1§ 15 fe # {b L 7= FEP. tetramethylammonium (TMA), tetracthylammonium (TEA), 1,3-
dimethylimidazolium (MIm)3 LT} 1-methylpyridinium (MPy) O R/LX—E(X%), 2O F 7
VHEENLEAE 1 OBV OO R RLF—EX) BIOEE 1 DRLIZHDOD TR
VFX—EX"™) % DFT #HHELVRD T, EHITNHD T RAF—EDAA AT RLF—] &
OE TR A ZLLUFO@R iz,
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1=EX") - E(X°),
A=E(X) - EX")

=3
S
Ho
R

SDITAF U FRO A AR L A 7R3 kT BB U MEE ¢ 3510 HSAB HINNC 1T 557
ThHOMESH R T HEXHERE n 2L FOMYRDI-,

~
+
N

= =R
Il
~
|N|
bu

N |

e B 13 A A AL X — LB BN OES O THY, 2T R AR 25y il
(LUMO) EHe@ifl 50 F#E (HOMO) DT fAF—72 772 b ARG DT RLF —48
L3S T 5, 7

2-3. RER-EBE
2-3-1. MEBRIBILIEE Y= AE )<= —DA AR
DL BRI LN RN A TR B W TCUIAI LT — 2D B EH 55,

1,2,4,6-tetraphenylpyridinium tetrafluoroborate (non-FEP pre)
H faflih & L TULER 68% (1.15 g, 2.44 mmol) Tf5%7-, '"H NMR (400 MHz, CDCl3) 6/ppm 8.04
(s, 2H), 7.86 (d, J = 7.8 Hz, 2H), 7.55 (td, J = 14.9, 7.5 Hz, 3H), 7.44 (d, J = 6.9 Hz, 4H), 7.24-
7.32 (m, 9H), 7.10-7.13 (m, 2H). *C NMR (101 MHz, CDCIl3) é/ppm 157.6, 156.6, 138.9, 134.7,
133.0, 132.0, 130.1, 129.8, 129.6, 128.9, 128.6, 128.4, 128.4, 126.3. ESI-MS m/z: calcd. for
C20H2,N: 384.17; found: 384.18 [M-BF4]". FT-IR (ATR): v/em™! = 1054 (B-F).

2-phenylbenzo[1,2]quinolizino[ 3,4,5,6-def]phenanthridinium tetrafluoroborate (non-FEP)
FAARLL TILER 70% (130 mg, 0.27 mmol) T/537-, 'H NMR (400 MHz, CD;CN) 6/ppm
9.36 (s, 2H), 8.95 (d, J = 8.2 Hz, 2H), 8.88 (d, J= 7.8 Hz, 2H), 8.68 (d, J = 7.8 Hz, 2H), 8.28 (s,
2H), 8.15 (t, J = 8.0 Hz, 1H), 8.05 (t, J = 7.5 Hz, 2H), 7.93 (t, J = 7.3 Hz, 2H), 7.76 (s, 3H). *C
NMR (101 MHz, DMSO-ds) d/ppm 148.7, 142.4, 133.9, 133.7, 131.6, 130.3, 129.5, 129.3, 128.8,
128.4, 127.6, 127.2, 124.3, 123.8, 123.7, 123.3, 118.0. ESI-MS m/z: calcd. for C29HsN: 380.14;
found: 380.15 [M-BF4]". FT-IR (ATR): v/cm™' = 1050 (B-F).

2,4,6-triphenyl-1-(4-vinylphenyl)pyridinium tetrafluoroborate (vinyl-FEP’ pre)
RS E L CTILER 29% (0.53 g, 1.06 mmol) TH+7=, '"H NMR (400 MHz, CD;CN) ¢/ppm

8.38 (s, 2H), 8.10 (d, J = 8.7 Hz, 2H), 7.75-7.59 (m, 3H), 7.34-7.44 (m, 10H), 7.22 (dd, J=11.4,
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9.1 Hz, 4H), 6.57 (dd, J=17.8, 11.0 Hz, 1H), 5.74 (d, /= 17.8 Hz, 1H), 5.29 (d, J= 11.0 Hz, 1H),
4.12-3.96,1.95-1.91, 1.23-1.17. BC NMR (101 MHz, DMSO-ds) é/ppm 156.5, 155.7, 138.6, 138.2,
135.2, 133.6, 133.3, 132.7, 130.2, 129.9, 129.9, 129.1, 129.0, 128.7, 128.3, 127.9, 126.2, 125.3,
117.1. ESI-MS m/z: caled. for CooH sN: 410.19; found: 410.19 [M-BF4]". FT-IR (ATR): v/cm'! =
1054 (B-F).

2-(4-vinylphenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium  tetrafluoroborate  (vinyl-
FEP’)

FHABBREIC > T A B ARIGONIZ, ZOMARIBIOYFEED Br-FEP pre © 'H NMR
A~ MV Figure 2-2 (R, SUSH]T (Figure 2-2 ) TEIHISILE vinyl 7Bk 5.3-6.6
ppm PBLHISN T, HEHEEROT b N7 m—R Lo TRY, KR TEA RISHEST
LTWDEHEES LD, SHITE =273 7 RAVINEL 9 ppm LA EDIRBEIS AN e — 7 3Bl <4172
ofz, LI2ido T MaBR BUSITEITL TN EHIrTE D,

>
10H el
4H (X
o
JH 3H ” 1H IH L1H
B . " I
10.0 9.0 8.0 7.0 6.0 5.0
o/ ppm

Figure 2-2. '"H NMR spectra of vinyl-FEP' pre before (lower panel) and after (upper panel) UV

irradiation.

1-(4-bromophenyl)-2,4,6-triphenylpyridinium tetrafluoroborate (Br-FEP’ pre)

H R E L TR 58% (399 mg, 0.73 mmol) CTf57-, 'H NMR (400 MHz, DMSO-ds) d/ppm
8.69 (s, 2H), 8.37 (d,J= 6.9 Hz, 2H), 7.65-7.73 (m, 3H), 7.39-7.46 (m, 14H). *C NMR (101 MHz,
DMSO-ds) o/ppm 156.3,141.3,138.4,133.3, 132.9, 131.6, 130.7, 130.2, 129.8, 129.7, 128.9, 128.3,
127.8, 125.1, 123.2. ESI-MS m/z: calcd. for Co0H2BrN: 462.09 [M-BFs, 7°Br]*, 464.08 [M-BF4,
81Br]*; found: 462.09 [M-BF4, Br]", 464.09 [M-BF4, 8'Br]*. FT-IR: v/cm'! = 1058 (B-F).
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2-(4-bromophenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium tetrafluoroborate (Br-FEP”)
BOSHEERORGE IS, BUSTRIRD D FEP £ O AICH TN E B LT-, Figure
2-3 ([ZY TV T WD UV-Vis A%, FEP @ phenyl 82726 pyridinium g ~0D%)
FNERBE) (ICT) (ZH%T 5 400 - 450 nm QWU — 7 BBIRL TWDZEND | S8R (K
DA TREBEIND, T2 U E — 7 I3 AERRITEOPE KTIZIT T, =& ) — IV DZRFEITED
IRE OO ET HEEZDND,
FHLBAR I Lo THEKM RGO, ZOMRIBIOEEND Br-FEP’ pre @ 'H NMR A~
27 MV% Figure 2-4 [ 233, SRSt (Figure 2-4 |) OFRIZEBWTY, IGHT (Figure 2-4
T) LAk 7.4-8.7 ppm O =7 BELHIE ., BUSIEZDTMTHETL TODEDDOFE LG
WEE DS BN SHWTTED,

Absorbance (a.u.)

.0 l . =
350 400 450 500
Wavelength / nm

Figure 2-3. UV-vis spectra of Br-FEP’ pre ethanol solution after UV irradiation.

2H 3H
| F Br-FEP' pre g,

M, il N

100 9.0 ‘80 70 60
o/ ppm

Figure 2-4. '"H NMR spectra of Br-FEP' pre before (lower panel) and after (upper panel) UV

irradiation.
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2,6-diphenyl-4-(4-bromophenyl)pyrylium tetrafluoroborate (Brpy)

FAARRE L TULE 42% (660 mg, 1.39 mmol) T/, 'H NMR (400 MHz, CD;CN) §/ppm
8.69 (s, 2H), 8.41 (d, J=7.3 Hz, 4H), 8.19 (d, /= 8.7 Hz, 2H), 7.94 (d, /= 8.7 Hz, 2H), 7.86 (t, J
=7.5Hz, 2H), 7.76 (t,J = 6.9 Hz, 4H). 3*C NMR (101 MHz, CDsCN) §/ppm 170.8, 164.8, 135.2,
132.9,131.6, 130.9, 129.9, 129.8, 128.6, 128.5, 115.3. ESI-MS m/z: calcd. for C3H16BrO: 387.04
[M-BE4, 7Br]", 389.04 [M-BFy4, 3'Br]*; found: 387.04 [M-BFs, ”Br]*, 389.04 [M-BF,, 8'Br]".
FT-IR (ATR): v/em™ = 1058 (B-F).

1,2,6-triphenyl-4-(4-bromophenyl)pyridinium tetrafluoroborate (Br-FEP pre)

F @R EL TILER 92% (279 mg, 0.51 mmol) TF57=, 'H NMR (400 MHz, DMSO-ds) 6/ppm
8.70 (s, 2H), 8.34 (d, J = 8.7 Hz, 2H), 7.88 (d, J = 8.7 Hz, 2H), 7.35-7.45 (m, 12H), 7.18 (d, J =
6.4 Hz, 3H). *C NMR (101 MHz, DMSO-ds) d/ppm 156.4, 154.2, 139.0, 133.0, 132.7, 132.6,
130.8, 130.0, 129.9, 129.7, 128.6, 128.5, 128.1, 126.8, 125.1. ESI-MS m/z: calcd. for C29H2:BrN:
462.09 [M-BFs, Br]", 464.08 [M-BF4, 3'Br]*; found: 462.09 [M-BF4, 7Br]’, 464.08 [M-BF4,
81Br]". FT-IR (ATR): v/em™! = 1054 (B-F).

2-(4-bromophenyl)benzo[ 1,2]quinolizino[3,4,5,6-def|phenanthridinium tetrafluoroborate (Br-FEP)

F AR EL TILER 70% (140 mg, 0.26 mmol) TF57=, 'H NMR (400 MHz, DMSO-ds) §/ppm
9.76 (s, 2H), 9.42 (d, J = 8.2 Hz, 2H), 9.25 (d, /= 7.8 Hz, 2H), 9.02 (d, /= 8.2 Hz, 2H), 8.56 (d, J
= 8.2 Hz, 2H), 8.35 (t, /= 8.0 Hz, 1H), 8.16 (t, J= 7.8 Hz, 2H), 7.98-8.06 (m, 4H). *C NMR (101
MHz, CD3;CN) o/ppm 148.4, 142.6, 134.0, 133.37, 132.5, 130.4, 130.2, 129.7, 128.7, 126.6, 126.0,
124.5, 123.8, 123.5, 123.3, 118.4. ESI-MS m/z: caled. for C2oH;7BrN: 458.05 [M-BFy4, "Br]",
460.05 [M-BFs, 8'Br]"; found: 458.04 [M-BF4, 7Br]*, 460.03 [M-BFs, ¥ Br]". FT-IR (ATR):
viem! = 1054 (B-F).

2-3-2. DFT HBRICIOMRIBILREY V=0 AhE )~ — DB R
Figure 2-5 |Z TD-DFT ## L0KD 7= (a) non-FEP pre, (b) vinyl-FEP’ pre, (c) Br-FEP’ pre 35X
O (d) Br-FEP pre ® HOMO D4y f il 27~ d, IO EIZIS U CEFREEN R B
FD72uN (a) non-FEP pre [XEIKIZEF 235540 L TS — T, (b) vinyl-FEP’ pre 3L} (¢) Br-
FEP’ pre (X pyridinium B2 D 17, 2B LN 62D FERIZE F D RTEALL TD, EBIT (¢)
DONLE EMERTHS (d) Br-FEP pre (3 pyridinium B2 4-fir} ::‘%in)%?ﬂlﬁbfb\éo ZIULE
TR THD bromo FEX° vinyl KN EFZ5EHTDHZET, ZDJEFDRIZE R E kL
TODEHERIS D,
SCHER S R0, bk IREBIZ 31T 5 pyridinium BR D 1-(LOEE AH FEEAS @V GG JEHEER RS DMK
FiBFE (Scheme 2-1 bo>c BE doe) ITBWT IMLOFHFED C-H FEA17H<, NMR IR
%U\—F&r W SDOEITEMHIT HIENRE SN TND, KRIZEBWTH IO BEFERICHE
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FARELLTWD (b) vinyl-FEP’ pre 8L (¢) Br-FEP’ pre T, Mabr SOt Tl & A EHEFTH
T ZDO—FH TRIKIZEFMHIERE(LL TS (a) non-FEP pre X° pyridinium B2 4-(7I1ZFE
WJHTEALL TS (d) Br-FEP pre I[3FSIRISHEITLIZ, 16> C, TD-DFT #HEIZE > THHER
KD HOMO OFEFBEEERDDHILT, 20 RTEMEDBHEER OGO T2 P TED,

Figure 2-5. TD-DFT calculations for HOMO of (a) non-FEP pre, (b) vinyl-FEP’ pre, (c) Br-FEP’ pre
and (d) Br-FEP pre at B3LYP/6-31G(d) level (isovalue = 0.02).

2-3-3. DFT HBICLADTF AL DRbObLIIDE

HE i b L DFT #t R 21T -72 4 F 4 Fi% Figure 2-6 (27~ Table 2-1 |2 DFT #H L0k
DI RN ERER, AT AT RNVF—[ BB A OB ¢ LU
WL y 279, TMA X8 T2 RO 372D BR =R —ThHA A AL X — DD
K<L, FEP b/ NESVMEZ R LT, EBIZ MPy (X 12 IA 2L XTH/ONA=RNLX—ThHD
BB 0 b REL TEA Db/ SWEZ R U, A A Atz — LB H )
IXHFHBARAMRICHY 22 BRDHID VA AR E DR E A~ it R R EE L TMA=
MPy>TEA ~ MIm>FEP D I & 720 | 73 W O 5 £ Tod 5 M = & 7~ 3 #ft 5F 8 B 1
TMA>TEA>MIm>MPy>FEP DJlEL7e o7, #ixHEE L ammonium ZDAA > ThHDH TMA X
TEA LT, FFEIRD MIm, MPy 3L OVFEP 23/ M &<, RDOLNNZ EREERN RS,
BRI —WRB72 h F A U FEIZ R T, FEP (3L A ABRYEEE DN B AR Y, D EV I B F RO
PEDMEL, 2 Eb DD | BEWERLTHD OH DM AAEHD TMA 72812~ THHNE
E 255, LTZ3o> T, FEP Z3 AL7- AEM FZ38\\ T, OH OB OB LA A A
IREE . $ AR B O T IT D S OB BN E S IR &5,
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TMA JTEZ P N
0, 3 : oo
5 J @ ' \I‘, ‘J
N J\ o D
t 2

MIm MPy FEP

Figure 2-6. Optimized structures of TMA, TEA, Mim, MPy, and FEP. Carbon, hydrogen, and nitrogen

atoms are displayed in grey, white, and blue, respectively.

Table 2-1. Total energy, ionisation potential, electron affinity, absolute electronegativity, and absolute

hardness of cations.

EXM) /eV EXY) /eV  EXY) eV I/eV A/eV yleV 3 leV
TMA 583201  -5.829.29  -5811.65 176 2.72 10.2 7.46
TEA -10,111.8  -10,109.2  -10,093.9 153 2.63 8.99 6.36
MIm 831173  -8307.8 829379 140 3.93 8.97 5.04
MPy -7843.02  -7.838.05  -7.823.15 149 1.97 9.94 4.96
FEP -31.863.5  -31.858.9  -31.8486 103 1.60 7.45 2.86

2-4. H2EDELD

ARFTIL, BEHRIZHEV FEP 28 %L, D bromo EHAL LI vinyl EHAD A AT,
EHIEDONALE KOO TENR R ES D | 1-ALDFHFERIZ bromo F£X° vinyl F20386 52 & THEAE
BREOSIRIFEAEHEITLIR, —J7C 4NLDFFFERD bromo F&ITSUGFLER T, ZOMEER KA

5172, TD-DFT FHRICE > THIBEHMA THHBABR KD HOMO O % 4 Ko | EH#ELDOH
HHEFBRIZE DAL OB EELNNI LTz, ZOE 1O /TEMEIC L SEHEER SOG A3 R E
SITWNBZED MY, TD-DFT FHEIZ IS TRIBHMRD KA TRITELZ LDV RENTZ,

SHIZ DFT #HHEED, BT A ROV A AR DOif S & s 3kt B SR M E B LUV RO L
R & BRI AR D | — R T A RIS ARG SC O EE TS FEP DJLA A
Bk EE D BB IR, DEVIEILA B R OZHMEIMEL OB LN EE R LT, - T,
FEWEILTHD OHEDOFEIERD TMA 78I TIINEE 2 HHL, A AL % O R D 1
m, F72bob AT REBIOBEINE DR LICH 5 TEHTEaREL,
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F 3 E IVNLAEEESIVV VI RIGIZEKAMERMILIRE )= L& AIHEIC
BIHT7 A RBEDER

3-1.

2 BT bromo E#{A FEP (Br-FEP) A& L, —f%#72 ammonium < imidazolium 7¢&
DI F AL FBIZEERT, FEP O/VARBEMEEDMEL, F KON EER LTz, £ TARE T
FEP % @5y T IEHIZE A LTZ AEM ZAERLL | 2 DA A AR E M AN T2,

AEM EUTHER 32720121, BT A U RAMEEIERER IZHB W TR LN & RO BV, RV
~—<Ry7X| _ﬁ%ﬁ/@kbm’ﬁ/«ﬁzﬁi%% —7 L7z AEM b S T8, | EEBREE
TZBWTHTFAHEPEH L, AT AREE D T DLV ST ZENMESNTND, 2 LIZA
ST—fA72 AEM [ZBUKIEE / ~— LB S AT EHEEA S, BUKIER)~—0—IchF
T REREMTH LT L s TEREN S, 3

ZZTARMFZE T, R ~—F k&L L THEA T VBV E T, FEP EOFAIERN RIS,
a0 E )~ =B ERTED vinyl R~ —RE FEHFHEELIZAR)~—Z2 G LT, vinyl KU~
—3% AEM OF/~—L L TROLNDHEMEL T, IB-CIAR R E M IV BUk 2T /)~
—ThY. AEM L TOfE I FRENHDHZENLEELL,

RETIE, 56— BEPELL T FEP O vinyl £/~ — (vinyl-FEP) &KL, BiAME / ~—LDT
CHNEEAICEST AEM ZERILTZ, Z2 Tl FeskPEA m B0 E I E A2 n-butyl
methacrylate (BMA) ZBiKIEE/ ~—L LTIV MNVILEEE T, 4 £7-5 " BMEE L C, FEP
O ethynyl & /~— (ethynyl-FEP) Z& L., HHUH AL azide 2% F 3% polystyrene %
RY~—ZHR L TIRFER 727V v 7 G ToH 5 Cu-Catalyzed Azide Alkyne Cycloaddition (CuAAC)

T\ZEo T, ma FIIBHIC FEP A8 A LTz, EHEE G ERIEMD 2 SDOHRITIEIZE>T AEM
ZVERLL | FEP SRRV~ —IZR W\ Tl /8 A il B 2 it 3%,

3-2. EB

3-2-1. AR
+ N,N-Dimethylformamide (/7K DMF, 2 99.0 %) (Wako)
+ 2-(4-bromophenyl)benzo[1,2]quinolizino[3,4,5,6-def]phenanthridinium (KB
tetrafluoroborate (Br-FEP)
+ Copper iodide (99.0 %) (Kanto)
» Tetrakis (triphenylphosphine)palladium (0) (55 HH) (Wako)
* Tributylvinyltin (2 97 %) (Aldrich)
- Dichloromethane (—#%) (Kishida)
+ Hexane (—#k) (Kanto)
+ Dimethyl sulfoxide (DMSO-ds, D: 99.9 %, TMS 0.05 %) (Merck)
+ Acetone (>99.0 %) (Wako)
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* Methanol for LC/MS (2 99.7 %)

* N,N-Dimethylformamide (DMF, 2z 99.0 %)

* n-Butyl methacrylate (> 95.0 %)

* Azobisisobutyronitrile (AIBN) (2 99.0 %)

+ Acetone (Acetone-ds, D: 99.9 %, TMS 0.05 %)

+ Dimethyl sulfoxide (DMSO: F##k)

* Tributyl (trimethylsilylethynyl)tin (2 95.0 %)

+ Acetonitrile

* Diethylether

* Potassium carbonate

+ Methanol (4##k%)

* N-Methylpyrrolidone (NMP, =99%)

+ Copper bromide (CuBr, =98.0%)

* N,N,N'N",N"-Pentamethyldiethylenetriamine (PMDETA > 98.0%)
* Diethylene glycol bis(2-propynyl) ether (>95%)
* 4-Chloromethylstyrene (>90.0%, stabilized with 4-tert-butylcatechol, 2-
nitrobenzenesulfenyl chloride, and 2-nitro-p-cresol)
+ Chlorobenzene (> 99.0%)

+ Ethanol (99.5%)

+ Chloroform-d (containing TMS = 99.8%D)

+ Sodium azide (98.0%)

- A201 film (L =30 pm)

+ Sodium chloride (99.5 %)

+ Potassium hydroxide (##%)

+ Activated alumina (neutral)

+ Sodium sulfate (99%)

+ Silver nitrate (99.9%)

+ Potassium chromate (99%)

- Ethyl acetate (EA: —ifk)

3-2-2. EF%E
- 'E &30 (HR-ESI-TOF MS) : Micro TOF
- BRI IR EEE (NMR) : INM-ECZ4008
- 7=V BHORIN I EERE (FT-IR) @ Spectrum 65
- BEBOREAIHIEEE (TG-DTA) : EXSTAR 6000 TG/DTA 6300
- BVEERABHTEEE (TG-DTA) : EXSTAR TG/DTA7300
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(Wako)
(Wako)
(Wako)
(Kishida)
(Merck)
(Wako)
(TCI)
(Wako)
(Kanto)
(Wako)
(Wako)
(Aldrich)
(Nacalai)
(Wako)
(TCI)
(TCI)

(Wako)
(Wako)
(Aldrich)
(Wako)
(Tokuyama)
(Wako)
(Wako)
(MP Biomedicals, Inc.)
(Wako)
(Wako)
(Wako)
(Kanto)

(Bruker)
(JEOL)
(Bruker)
(SID)
(SID)



RO AT ARSIy JE R (UV-Vis-NIR) : V-670

- R X#REIHTEEE (PXRD) : SmartLab

< M X RREGRLAEE (SAXS) : NANO-Viewer KMYC

- EAREE SRR (DSC) : DSC 6220

 JEHGUHIE S AT L MTS 740

o JERENE T T A —: Solartron 1260

« @R IR v~k 7 (HPLC) : LC-2000Plus series
X BNEFICHEE (XPS): AXIS-ULTRA
SR (PL) : RF-5300PC

3-2-3. Stille 17V 728D vinyl ZZDE A (vinyl-FEP)

Br

SnBU3
O O PPh3 cul O
DMF

80 °C

X

(JASCO)

(Rigaku)

(Rigaku)

(SID

(Scribner Associates Inc.)
(Solartron Analytical)
(JASCO)

(Shimadzu)

(Shimadzu)

BF,

20 mL = 0 77 A=3{T 2-(4-bromophenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate (Br-FEP) 400 mg (0.732 mmol), Cul 14.4 mg (0.0732 mmol), Pd(PPh); 48.0 mg

(0.0416 mmol) % X tributylvinyltin 700 mg (2.23 mmol) % AL,

EFRFIR T CHLK DMF %

8 mL %, 80 °CT 24 RFd#f#E L7z, [J&51% . dichloromethane Z /)12 T, 7K-dichloromethane T
IR A/ AR —Ta LT, Zh%E dichloromethane : acetone = 1 : 1 DIRAIRBEIZ AR
SET, T AT 2 AWy a— b7 ATRMI AR E LT, = 3R —ar LR L7tk
hexane (ZFFILE L | J8 LI 21T > C hexane CHeiL7-t& . AW ZEWIERZIRELT-, &°
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3-2-4. n-Butylmethacrylate DTV NI ERIZIDMRIFILEL V=V LRI~ —DE K
(FEP-BMA)

X

AIBN

® o
—_—
BF, + Ykow\ DME
70 °C

20 mL $ > 7 VEHRIC DMF 5 mL % A4, vinyl-FEP 23.8 mg (0.05 mmol) 330" n-butyl
methacrylate 783 uL (4.95 mmol), AIBN 0.82 mg (0.005 mmol) Z/NZ 7=, EHEEIIHE L%,
R AATU N, 70 °CC 24 RERIINEN U 7=, SORIIRZ A% ) — A BRI L TR ATV A )
% 70 °C CIERLIEEL 72, 157 [ER 200 mg % 10 mL @ DMSO ([ZIEfREL ., 772 vy —1|Z
FAANTzH D% 70 CCTMENARBEAE F 4 HZL TIRAERIL T,

“GIKFE (WU) 10

KA A A ANZAF L ZZHR L T2 FEP-BMA AT RIEL . 2O HEEZRELTE (Way)o ZH
ICEF =YL MilliQ-/KIZ 1 HERL, B LIt HE AR EHOKE SEHRY, 2O EEL
HIELE (Waeo 2% 3 [TV, WU ZLL FOIIITRD | B L OME R 24 R D T,

wU = Wwet=Wary %100

dry

CElRESLD
-+ GPC
GPC 5172 KD-806 M (MW = 1000 — 40,000,000) % E1+H: DMF for HPLC
FEEE: 0.5 mL min™! RYAFL A= HE: PStQuick E & F
TEE: 60 °C TREE: 0.5 wt.%

* TG/DTA (EXSTAR 6000 TG/DTA 6300)

FRHE: 5 °C min'! AEAHIFA: 30 - 900 °C

H A Air
- DSC

AL 5 °C min’! AR —30-150°C
HA: Ny V7 7L A% Almina
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- UV-Vis
VR : 0.2 mg mL! (non-FEP), 4 mg mL! (FEP-BMA) HER E: 300 - 500 nm
f#if1-2/1: 0.1 mm (non-FEP), 1.0 mm (FEP-BMA) 1 Je&/L

- PL
VAR 4 mg mL! JahiEE % K: 365 nm
HIE 5 400-600 nm AX ¥ M 0.1 nm

RIS 0.2 mg mL! (non-FEP), 4 mg mL! (FEP-BMA)

- XRD
FIMZET: 40 kV FINEEN: 30 mA

X #IE: Cu Ko AT HIPH: 20=10-50°
AT v 7 0.05 °

3-2-5. Stille 7y 7V 7 BROIRE RIS IZLD ethynyl Z:DEA (ethynyl-FEP)
™S

o I I

® O

BFy  TMs—=-snBu; _ BF, ; -y
& Pd(PPh3)4 K,CO5
O O O dry DMF O O O DMF/MeCH O O O

Br-FEP TMSethynyl-FEP ethynyl-FEP

2-(4~((trimethylsilyl)ethynyl)phenyl)benzo[ 1,2 ]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate (TMSethynyl-FEP) 3°

v a7 \Z Br-FEP 201 mg (0.368 mmol) ., Pd(PPhs)s 24.0 mg (0.0208 mmol) & T
tributyl(trimethylsilylethynyl)tin 434 mg (1.12 mmol) % AL, Z A Y77 LR 7 T G A LT,

Z D% MiK DMF % 4 mL iz . ZHvE 50 °CC 24 BRI H# LT,

Diethylether (ZFF7LE: LERATHH L7 REECTHIET AT v a— T L% T o7z, —EREE
diethylether THeiL7-% . IV % dichloromethane (225 %, [EIUR L 7=#188IZ AR AN %
SEFENDIZOBEIELT-, SHICEBIEEE acetonitrile (248 %, A L7-iAR A =/ SR —2ar L

TERELT-1 . diethylether (Z LB L 7=,
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2-(4-ethynylphenyl)benzo[ 1,2]quinolizino[ 3,4,5,6-def]phenanthridinium tetrafluoroborate

(ethynyl-FEP) 8°

50 mL — 117722 TMSethynyl-FEP 142.0 mg (0.252 mmol), potassium carbonate 69.6 mg
(0.504 mmol), DMF 6 mL 30 methanol 6 mL % A4, SRIEZEFEFZHE FC 15 FE#EHEL-,
Zivk diethylether (2 PEEL | JETRIE L7, A¥)% hexane TYEFL . IR CRUEHZELT,

3-2-6. Polystyrene ~~—ARY~<—DEFK (poly-Azide)

X
n n
NaN3
4’ _—
AIBN DMF
chlorobenzene
Cl Cl N3

polyCMS poly-Azide

poly(4-chloromethylstyrene) (poly-CMS) 1!

R HOE S — LBy M FPET L3 F % AL, ZHUUT 4-chloromethylstyrene (CMS) % 2 Ji
HIESEHZETRANDIEAIZL, 2R IEAIBREE1T 72, 5 mL > 7 VENRIZ VBC 3.0 g (19.9
mmol), AIBN 4.1 mg (0.025 mmol) 30X chlorobenzene 2 mL % Afv, AR LT-1% 107 2 & 2B
Uiz, ZivE 3 FEEGREIARLEE L, 60 °C, 18 REFMELL 7=, Z D%, ethanol [ZFFILEEL | JE
TEB AT o7,

poly(4-azidomethylstyrene) (poly-Azide) 1!

50 mL [ 77A=|Z poly-CMS 1.00 g (-Cl % 6.55 mmol), sodium azide 426 mg (6.55 mmol)
BELODMF20 mL % AL, R FFHEF T60°C, 24 REEMEMER L 7=, Mtk . 2z MilliQ-
7K:methanol = 1: 3 OIRAVARE 60 mL (2L L . MilliQ-7Kk/methanol THei%1T-7-, T
WL, BFONTeAYEEIR T CRABIERERLT,

[ 2]

-+ GPC
GPC /17 2:: KD-806 M (MW = 1000 — 40,000,000)  #4®4H: 50 mM LiBr NMP for HPLC
FiEE: 1.0 mL min?t RYAT L N PStQuick E & F
IREE: 60 °C TREE: 0.5 wt.%
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3-2-7. 7V KN X DMERGILIRE YV = AR~ —DE L (poly-FEPy)
poly(2-(4-(1-(4-vinylbenzyl)-1H-1,2,3-triazol-4-yl)phenyl)benzo[ 1,2 ]quinolizino [3,4,5,6-
deflphenanthridinium tetrafluoroborate)-co-poly(4-azidomethylstyrene) (poly-FEPx x I3 A2

mol%) &7
; Il m
., 00
+ O CuBr, PMDETA N
v
N3 N

n
- N
BF, NMP 3

O O poly-FEPx O
B

o

v al 7T poly-Azide, ethynyl-FEP, CuBr, N,N,N',N".N"-pentamethyldiethylenetriamine
(PMEDTA) HBLUNMP & A, 3 FEBFEMLAAATVY, 50 °C, 48 FREEANEAL 72, Z41% methanol
2R L. 0.1 um @D PTFE 7 /L2 —% FWCRJEIEE L, AP % R LTz,

Table 3-1. Introduction ratio and feeds of poly-FEP

H A x% Poly-Azide Ethynyl-FEP CuBr PMDETA  NMP

1 386 mg 11.9 mg 0.88 mg 2.2 mg 10 mL
242 mmol 0.024 mmol  0.006 mmol 0.012 mmol

5 200 mg 30.9 mg 2.3 mg 5.4 mg 10 mL

1.26 mmol 0.063 mmol 0.016 mmol 0.031 mmol
10 191 mg 59.0 mg 4.3 mg 10.4 mg 10 mL
1.20 mmol 0.120 mmol  0.030 mmol 0.060 mmol

poly-FEP, H10> FEP #H A D E &

5.0 mg @ poly-FEPy 3 X O'WERFE#EL L C ammonium hexafluorophosphate 50.0 pug (0.31 pmol)
% 1.0 mL DMSO-ds (ZERf#EL . YFNMR JIEZ1T>7=, PFe O — iR L\ L T, Ay 2 —
T =74y BFy OY —ZfifEH 5 FEP O ARB LU Lo [EC AR Tz,
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VA v ANEIZ LD poly-FEPy (DBEAE Bk

20 mL 27V = — T 100 mg poly-FEP (0-30 mol%) % AL, NMP 10 mL %1% C 60 °CC
BRI LT, ZHAUZZEEHI L LT diethylene glycol bis(2-propynyl) ether 16.8 uL (0.0942 mmol)
A, 770 —LAZF v ARL 80 °CTHNEN T 2T & CHIEABRE LT,

“EKRE (WU) 10

IKEBEIA T ANCAF AL T= poly-FEPx ATz L, ZOHEEBZHELT (Way)e S5
IZEFR /=YL MilliQ-/KIZ 1 HERL, BV LI-%HE AR EH O KA SERY, 2O EES
HIELTZ (Wywer)o WU IXLL FOiED R DT,

WU = ety 00

dry

M= (SR) 10

IKEREIA T ANZA A LU T= poly-FEPx ARz L, Z DD EZZH 572 (lay)o S5
\ZEHF/N—V LTz MilliQ-/KIZ 1 HERL, BH L% ESERDTZ (Iwe)o SR IZLL FO@EYVR
Tz,

SR = MX]OO

dry

AU AR B (IEC) BLUVKFIEL (L) 12

poly-FEP % 1 M sodium chloride 7K¥EHRIZ 1 HERL, LD A A NAA L R EAT -T2
#%. 60 °CTIEZIREL, TOEEZHIELZ (Way)e Z4L% 0.5 M sodium sulfate 7K¥AE 50 mL
(IRIEL , BREEA A ANCAF L AU Te, IEZ T H L T2 ZOFRHRIZ 5% potassium chromate 7K
# 1 mL Z /1%, 0.1 M silver nitrate KIS T EETT o7, # I AN ATz Rz
(Vagos)o IECe IZLA T DIINTRDTZ,

VagNo3*CagNo
IECe - gNO3 gNO3
Wdry

SHIZIECe BLO WU b AF v EE 1 5Fdlc ) OKRGFOH (V) ZLLTFO@EY Rk

—o
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}\, _ 10 x WU
18.05 x IEC,

Qi EESED|
- TGA (EXSTAR TG/DTA7300)
FHAIRIEFE: 20 °C min'!

T A Air

+ XRD
FANFEIE: 40 kV
X ) Cu Ka
AT 70.05°

+ SAXS
FANFEIE: 40 kV
X ) Cu Ka
AT 7001 °
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FINEESR: 30 mA
EAEH: 20=10-50°

FINEESR: 30 mA
EAEH: 20=0-6°



3-2-8. MRBILRLY = ARV~ —DAF AREHL T VAV R EN

FEP-BMA , Tokuyama A201 D14 A5E

FEP-BMA 200 mg % 20 mL > 7 /L fRIZAZL, ethyl acetate 10 mL Z /N2 TS, 771
V¥ —L (d =48 cm) [ZHIfTE SRV — Ly b FIWTER Y ARLTZ, Z1E 60 °CT 1 HLL
BT B2 LTI A ZOR S, TV BTG, 1557 4V % 1 M NaOH (NaCl) /KIAE#R
100 mL [ZiRL 1 BFFET25ZECTOH ™ (Cl) \CAA L RHaEAT T2, A4 RHEAT T2 T 4V
LEEEFNT V7 Uz MilliQ-/K THAIZ e LIz t% . MilliQ-/KHiZ 1 HFE T HZ & Cilfl7e
WaREL, TN ZEIR CHRAERREL%, BERRINEEIT 7,

a2 ha— LU TRIBRICA A A R E 21T 7= Tokuyama A201 fi& (30 um). Blli&&
% L7= poly(n-butyl methacrylate) (BMA) THHIEEFT-7=,

[ BT E S )
KT : 40, 80% IR 40 - 80 °C
T A N, HE: 0 kPa

(A A AMRESE 6 DFFE]
6= —— o: & Scem! L: BE cm

RxA
R: P Q A: Wi FE cm? (0.45 cm?)

poly-FEP, D /KEEALI) A A A EE I E

TEBRLL 722848 5% 1 X 3 cm F2EEIZHIWTL . 1 M potassium hydroxide /KIFKIZ 1 HEIRL., &
DIFEAEECONTE T/ — LIz MilliQ-/KIZ 1 HiRIEL ., REIOHEZFRE Lz, ZOMETRE]
AT . MTS-740 122250 TEDTET Al RIS AL, BIEBR B 1 RFfERRE
L. &5 6 [FIIE LT,

[ B HTIH E 54 )
FARHIEEE: 80% IRJE: 50— 80 °C
T A N, HE: 0 kPa

poly-FEP o D7 /L H1V 22 EVEREAT

Poly-FEP o ZEAE 5% 1 X 3 cm F2EE(CUIWTL . 1 M KERIL VD 2OKIRIRICE R L, Ry b7 L—h
7T 500 FERE 80 CCHNEAL 7=, Z DA m o/ ZEH/X— Y LIz MilliQ-/KIZ 1 HiZEL . REID
WAEERE LTz, ZOEAETE BIZEOAHT, MTS-740 1228502 TEATZ T il 7V IR A
Ao, WO RIEBREIC 1 BFREREEL ., &40 6 BIAIEL, 5= T FT-IR HlEZTT-
77
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33, FER-EBE
3-3-1. Stille 7V 71285 vinyl ZDE A (vinyl-FEP)

PO AREL TINER 56% (196 mg, 0.41 mmol) THH/=, 'H NMR (400 MHz, DMSO-ds) ¢/ppm
9.74 (s, 2H), 9.42 (d, J = 8.2 Hz, 2H), 9.22 (d, J = 7.8 Hz, 2H), 9.00 (d, J = 8.2 Hz, 2H), 8.60 (d, J =
8.7 Hz, 2H), 8.32 (t,J= 8.0 Hz, 1H), 8.14 (t, J=7.5 Hz, 2H), 8.01 (t, /= 7.8 Hz, 2H), 7.85 (d, J= 8.7
Hz, 2H), 6.94 (dd, J = 17.8, 11.0 Hz, 1H), 6.14 (d, J = 17.8 Hz, 1H), 5.50 (d, J = 11.0 Hz, 1H). 3C
NMR (101 MHz, CD;CN) 6/ppm 148.0, 141.2, 141.0, 135.3, 133.8, 131.9, 130.4, 129.3, 128.4, 127.6,
126.9, 126.1, 126.0, 123.3, 123.2, 122.7, 122.3, 116.6. ESI-MS m/z: calcd. for C31HaN: 406.16;
found: 406.16 [M-BF4]". FT-IR (ATR): v/cm'! = 1054 (B-F).

3-3-2. n-Butylmethacrylate EDTVUNFHERICLIMRBILRE Y =V LR~ — DAL
(FEP-BMA)

FAFEREL TIER 58 % (BEEmINE: 728 mg, L& 420 mg) TfH7z, 'H NMR A7k 13C
NMR A7V FT-IR A7V E I GPC F+—h% Figure 3-1, Figure 3-2, Figure 3-3 35X
O Figure 3-4 {2775, 'THNMR A7 MLID 1 -4 ppm (Z53F T BMA HROE— 73 8IS,
7-10 ppm (227 T FEP RO — 7 DBIHIS =285, vinyl-FEP & BMA 23ILH AL TV
HZENRENTZ, BCNMR A7 MLEB L FT-IR A7 ML LY, BMA (ZH KT A8 — 27 D8
H=H7z, £72 GPC OFERLY, HE o1& M,=13.1 X104 25 F &5 My M,=3.1 Th
0 ALGABR D LORE S T8 (15.0X 104 (2B —&K L7z, FEsis v ANEIZIOER L2
T A TR B AR E DS AT RETHDH LD, FEP F7A Dt 7R L7= (Figure 3-
5), LIPL722A5, JVEWFEPEARELZ HIEL |, 36EHA L BMA:vinyl-FEP=9:1 TIHEAZ1TV,
BoNT-R)~—TREAE R 722 25 Figure 3-6 O XIS THE< ., A SEESSNR D> T-,
ZAUT FEP DIERIEAIMEL, AR TH L, BRI 537200 T BLRBIR -T2 EEZD
o, LIeBoCEAFEE FIF D70 FEP # AT/~ — L CEBEEAZITOIOIL, BELLIAR
WEWZ D,
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Figure 3-1. 'H NMR spectrum (400 MHz, acetone-de, 25 °C) of FEP-BMA.
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Figure 3-2. °C NMR spectrum (101 MHz, acetone-ds, 25 °C) of FEP-BMA.
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Figure 3-3. FT-IR (ATR) spectra of FEP-BMA.
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Figure 3-4. GPC chart of FEP-BMA.
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Figure 3-6. Image of the brittle FEP-BMA film (FEP : BMA = 1:9).

Figure 3-7 (2 FEP (/£) 3L FEP-BMA (£) @ TG-DTA #hi#i% 7=, FEP Ti% 370 °CH L
600 °C TP 2 Be D - Bl b S BRI S LT, 1 BERE B O Bl BFy A A2 D fRIZAE
FEP A —#F53 fR U= LS &5, FEP-BMA 13 240 — 360 °CIZ/MT T 98.4%8i/0 L., 400 °CHHiT
T 1.6%DE BBz, 1 B B DA 3 BMA HI2K, 2 Bt H DI 13 FEP H12kT
HHEB Z DI, —ERIRAEEN R CTHD 100 °CLL T TIEOELIRNZ EAVRENT-, Figure 3-8
IZ BMA 3L 0 FEP-BMA @ 2 nd heating ® DSC #i#i% 759", 2 nd heating |23\ T, HT A5
BARFE T, D_—RF A4 D7) BMA Tl 26 °C, FEP-BMA Tl 35 °CIZ#lll& 7=, FEP %
WAFTHILICES T, B EAKRIVLE W T, 27850, FEP ORIEMEIC L~ CTEay B8O ES)
PEAIIHISIZEE 2 HND,

100 ‘ ‘ ‘ 100 100 - ‘ . . 100
80 80 80. -80
2 60/ o %0 9 < 60 60 9
o 35 20 Z
© 40] Y Paw =
. |20 120
20 20. /
Lo L0
0 : : : ‘ 0 S : - : e
0 200 400 600 800 0 200 400 600 800
Temperature / °C Temperature / °C

Figure 3-7. TG-DTA curves of non-FEP (left) and FEP-BMA (right).
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T,=26°C
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T,=35°C
FEP-BMA(CI) :
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Temperature / "C

Figure 3-8. DSC curves of BMA (black) and FEP-BMA(CI) (red) for 2nd heating.

AEM OAREER e 5T HREI2 /3T A—2E LT, WU, IEC NZ¥IF b5, WU IIhT 4 —T
=F o THZRY, OH TiE 0.38% (£ 0.05). CI” TiX 0.31% (£ 0.01) EAfd TV WU Z7RL
IR T CORBAEERE T HZ LN TED, IBC 1B SETH ED LITIL SR & (Mohr
1E) IZEoTROLND, LInLARDE FEP OEAEIMETE L7280 | i EIEICE S TIEC &3k
HZENWTEIR) ST, ZZT UV-vis HIEEEFTV N, FEP @ 367 nm OWOECEENOEER L, A LN
0.66 mol% CTHY ., IEC 73 0.045 mmol g THHZ LN D) -T2, £ 365 nm DL S TR E L
HEZATST2LZA, 470 nm I — 7 3 BLRIE V72, OG> Th FEP OF AR T
XHZENRSNTE (Figure 3-9),

(‘ne) Aususjuj

Absorbance (a.u.)

300 350 400 450 500 550 600
Wavelength / nm

Figure 3-9. UV-vis absorption spectrum of FEP-BMA in dimethylformamide (black) and

fluorescence spectrum of FEP-BMA film at 365 nm excitation (red).

Figure 3-10 (28 5 Si fIZR 2y 7% ARLT= FEP-BMA @ XRD /37— %717, 19 °ffiT
(ZIERMERY ~— B RO T a—R7pa— R — U RIS, 26 ofFED nn AX VXL H
ROV —7IFBRIS T BREEIEITEEL TOenZenibioTe,
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Figure 3-10. XRD pattern of the drop casted FEP-BMA on silicon substrate.

50



3-3-3. Stille 1y 7"V 7 BXOWARERINTELD ethynyl ZEDEA (ethynyl-FEP)
2-(4~((trimethylsilyl)ethynyl)phenyl)benzo[ 1,2 ]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate (TMSethynyl-FEP)

20% D iR A G e LA [E R L LTI ER 89% (185 mg, 0.33 mmol) CTF57-, 'H NMR (400
MHz, DMSO-ds): 6 (ppm) 9.77 (s, 2H), 9.44 (d, J = 8.2 Hz, 2H), 9.25 (d, J = 8.2 Hz, 2H), 9.02 (d, J
= 8.2 Hz, 2H), 8.63-8.66 (m, 2H), 8.34 (t, /= 8.0 Hz, 1H), 8.16 (t, /= 7.5 Hz, 2H), 8.03 (t, /= 7.5
Hz, 2H), 7.83-7.88 (m, 2H), 4.57 (s, 0.2H), 0.31 (s, 6.4H). '3C NMR (101 MHz, DMSO-ds): J (ppm)
148.03, 143.15, 134.52, 133.03, 131.07, 130.33, 129.75, 129.22, 128.39, 128.16, 128.02, 126.04,
125.07, 124.56, 124.07, 118.61, 104.91, 98.40, 0.41. ESI-MS m/z: calcd. for C34H26NSi: 476.67;
found: 476.18 [M-BF4 ]*. FT-IR (ATR): v (cm ') = 1629 (C=C, C=N), 1054 (B-F).

2-(4-ethynylphenyl)benzo[1,2]quinolizino[3,4,5,6-def]phenanthridinium tetrafluoroborate, ethynyl-

FEP (ethynyl-FEP)

A E R EL TULEE 74% (124 mg, 0.19 mmol) T#37=, *H NMR (400 MHz, DMSO-dg): 6 (ppm)
9.78 (s, 2H), 9.44 (d, J = 8.2 Hz, 2H), 9.25 (d, J = 7.8 Hz, 2H), 9.02 (d, J = 8.2 Hz, 2H), 8.63 (d, J =
8.7 Hz, 2H), 8.35 (t, J = 8.0 Hz, 1H), 8.16 (t, J = 7.8 Hz, 2H), 8.03 (t, J = 7.5 Hz, 2H), 7.87 (d, J = 8.7
Hz, 2H), 4.56 (s, 1H). 1*C NMR (101 MHz, DMSO-dg): § (ppm) 148.27, 143.34, 134.54, 132.97,
131.61, 131.09, 130.38, 129.38, 128.64, 128.07, 126.53, 125.21, 124.62, 124.14, 118.75, 114.50,
110.22. ESI-MS m/z: calcd. for Cs1H1gN: 404.14; found: 404.15 [M-BF4 ]*. FT-IR (ATR): v (cm) =
3423 (=C-H), 1629 (C=C, C=N), 1054 (B-F).

3-3-4. Polystyrene \—ARY~<—DHE K (poly-Azide)

poly(4-chloromethylstyrene) (poly-CMS)

HEf R EL TULE 36% (1.10 g) CTF7-, GPC XV, RUARF LU BEHETHCEE Sy -5 My = 6.3
x 104, 73785310 MwlMy = 2.6 Tho72,

poly(4-azidomethylstyrene) (poly-Azide)
HERE LTI 87% (0.91 g) T157=, FT-IR (ATR): v (cm™) = 2097 (-N3).

3-3-5. ZVy I RIGCEAMBRBILRE Y = ARV~ —DE . (poly-FEP,)

Poly-FEP;, poly-FEPs 331X poly-FEP o (FHE A [E{AE L TEILEFUHE 76%. 78%F LT 74%
THH72, 'TH NMR A7V D (Figure 3-11), ethynyl-FEP O 4.5 ppm (23517 % ethynyl J£7"2h
URMBRIEIT, 7.8-9.8 ppm @ FEP HKOE — 7 BELAIS =25, AU~ — 842 FEP 23
EASNIZZEDIRENTZ, LIRS, FEP =y hOIRFEVEDIRE D 4370 — 7 R EE A3/
L, B MM BE ARERDDHZENTE ) o7z, 2T YFNMR KO AD A —T =420
BFy #E & 5HZ&T FEP OE AFEERKD (Figure 3-12), poly-FEP;, poly-FEPs 331} poly-
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FEP 1o DEAKIZIZNFI 1.0%. 5.2%F L0 10.5% THY, FEP DEAREZHE TEXHIENRE
Wy,

TMS
poly-FEP,,
poly-FEP;
poly-FEP,
“““““““““ A ‘L—‘J‘ e poly-Azide
10.0 8.0 6.0 4.0 2.0 0

Figure 3-11. 'H NMR spectra of poly-Azide and poly-FEPx at 60 °C (DMSO-ds). Peaks due to

residual solvent (NMP) are marked with an asterisk (*).
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PFs~ BF,~ poly-FEP,,

poly-FEPg
poly-FEP,
——
100 0 -100 -200 -300
o/ ppm

Figure 3-12. '°F NMR spectra (376 MHz, DMSO-ds, 60 °C) of poly-FEP;, poly-FEPs and poly-

FEP;o containing 0.31 mM ammonium hexafluorophosphate.

FT-IR A7~V XD (Figure 3-13), FEP OE AZBIENNT5I2-2040T 2097 emr! @ azide H:D
IR O — 73R EEANEA L, 1685 cm! @ C=C BXL N C=N —HEfE A DOMfEEE O — /i)
FEDHENL T2, ZBR &I TO TGA JITELY (Figure 3-14), poly-FEPy |3\ F 411, poly-Azide &
[FIEEIZ 240 °CT azide LDy fRIA LT, EHIZ FEP O AKOEINNZAE Y, 240 °CTD azide
FED IR 2 (/NS po T2, W EZ N 1s XPS HIELY (Figure 3-15). poly-FEPy (28T
azide (-N=N'=N"), azide (-N=N*=N"), FEP N*I LT triazole (-N-N=N-) 23ZLZ L 4053,
401.5, 402.7 B3R 399.4 eV IZBLIESAL, AL ENEE FEP N B LU triazole DB — 7 [HifH
DR LT,

Ethynyl-FEP O & 2235155 Stille 717"V B L O poly-FEPy DA K TP CuAAC TH
W B CH 23700 AR L ORITA A ARG ORI A KIELHD, 2T poly-
FEPo ® Cu 2p 3L Pd 3d XPS | iE%4T->7= (Figure 3-16), Cu 2p LU Pd 3d DWW b E
—ZIIBRISIVT | P BEIC I H IR E TETWDIEN RSN,
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poly-FEP,,

poly-FEP,
poly-Azide

Absorbance (a.u.)

2500 2000 1500 1000
Wavenumber / cm™
Figure 3-13. FT-IR (ATR) spectra of poly-FEP; (green), -FEPs (orange), -FEP1o (purple), and poly-
Azide (black).

100 poly-FEP,
80
poly-FEP,
XX
260 poly-Azide
O
= 40
20
O T 1
0 200 400 600 800

Temperature / °C
Figure 3-14. TGA curves of poly-FEP; (green), -FEPs (orange), -FEP o (purple), and poly-Azide

(black) measured at a heating rate of 20 °C min'.
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(a) (b) (c)

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

410 405 400 395 410 405 400 395 410 405 400 395
Binding energy / eV Binding energy / eV Binding energy / eV

(d) (e)

Intensity (a.u.)
Intensity (a.u.)

410 405 400 395 410 405 400 395
Binding energy / eV Binding energy / eV

Figure 3-15. X-ray photoelectron spectroscopy (XPS) narrow scans of the N 1s region of (a) FEP,
(b) poly-Azide, (c) poly-FEP1, (d) -FEPs and (e) -FEP1o.

(a)Cu (b) Pd

Intensity (a.u.)
Intensity (a.u.)

960 950 940 930 346 344 342 340 338 336 334 332
Binding energy / eV Binding energy / eV

Figure 3-16. X-ray photoelectron spectroscopy (XPS) narrow scans of the (a) Cu 2p and (b) Pd 3d
regions of poly-FEP1j.

Poly-FEPy (3 NMP <> DMSO, DMF &\ 7oA M A I Z PR A% AT HE Tdh - 72, poly-FEPy %
NMP (2L, ZEAE I L C ethylene glycol bis(2-propynyl) ether 212 CAAGRIK I 25 LTH
SMRZ AT (Figure 3-17), W AUbZRIG A3 WG GBS A~ THERMED ) L, A LU
BB EE 25T, L EXD FEP O X 7MIE 720 F A Flize AEM ISE AT HFELL TE#E
EALVBREMENEELNEWZ D, TERILTZ A SO FT-IR A7V XD (Figure 3-18), 22
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TEHIE AR (Figure 3-14) 1ZH~X, 2097 em! @ azide FEDHifEIREIO L — 750 EEHNE L D
L. 1685 cm! @ C=C BLV* C=N _HfEE DMFEIREI O — 7 5REE S HEML THDZEND, 28
FERIDNEASINDZET azide FATHE L. triazole BRIE AL > TNDZEMNDND, IHIZ TGA
HIEXY (Figure 3-19), ZEFG R E [FARIC 0 fRIEEIX 240 °CTH o7, ZBEAIOE A2 XD
240 °CTO o &I Uz, BLELD | — 7 EBh S N CIX iR L 72N e RENT,

(b)) poly=-EEP.

P

Figure 3-17. Images of the (a) poly-FEP,, (b) -FEPs and (c) -FEP 1o membranes.

poly-FEP,,
poly-FEP;
poly-FEP,

Absorbance (a.u.)

2500 2000 1500 1000
Wavenumber / cm™”

Figure 3-18. FT-IR (ATR) spectra of poly-FEP; (green), -FEPs (orange) and -FEP1o (purple).
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100 poly-FEP,

poly-FEP

0 T T T
0 200 400 600 800
Temperature / °C

Figure 3-19. TGA curves of poly-FEP; (green), poly-FEPs (orange) and poly-FEPio (purple)

membranes measured at a heating rate of 20 °C min™.

Poly-FEP ¢ JEDHEFEME AR 5728, I XRD (Figure 3-20 £) BXOVNED SAXS
(Figure 3-20 ) ZH|E L7z, XRD £V 19 °DRY~—TE/NT7 7 AHKOE —27 D HEBLHIS L, B
e 1 A2y X 7 HROE =21 3BIIS LT FERIZ SAXS 66 IR — 271 3@l <7
ST ZEMD MG BEED I T AL —FEEL AL TORWE I CE S,

—_ =
= e
8 =
= D
o I
()] c
= =

oS

10 15 20 25 30 35 40 45 50 0.10 . 1.0
20 /degree g/ nm

Figure 3-20. XRD pattern (left) and SAXS pattern (right) of poly-FEP1o membrane.

Table 3-2 (Z 'F NMR 2>53R 7= FEP A F NMR 72>5:3R 7= IEC (IECy), Mohr {E35H2R
¥»7= IEC (IEC.). WU, SR :X O\ #7159, poly-FEP;, poly-FEPs 33 XU\ poly-FEP; > FEP i
ARITENZEI 1.0%, 52%FBLTN10.5% THY, A A gL —E LT, F NMR 22HR©72
poly-FEP; . poly-FEPs 33 U8 poly-FEP o @ IEC, 1% 0.06, 0.29 353118 0.52 mmol g'! &7¢2->7=, Mohr
PEIZEY IEC Z3RD7=EZA, poly-FEP; TiX IEC /NN =DIZiAZEN K EL IEC &2k H e
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DHEETH 72, poly-FEPs 335 TN poly-FEP1o 1LZ 41241 0.42 38500 0.77 mmol g! THY, IEC,
FOHRERMEZ R, ZAUTT—T VA ORRIGANC IV ARG L1 2L TAA LV S L T2 B D
Hi & ether 278 cation-dipole FHAAEM B L, YalfHlZ &> CT—HDIENERE TERD 0T /2 D EE R
b2, poly-FEP,. poly-FEPs 33X TF poly-FEP1o @ WU (XL 7.1%. 7.1%B LT 9.0%TH
272, 26D polystyrene ~~—AD AEM 1% 30%LA = T&HY 1| poly-FEP, D IEC DIEREIZH KL T
WU PMEL7Z2 5T D, EBIT SR b poly-FEP, poly-FEPs 38X T poly-FEP ) TEALE I 2.8%.
2.1%BEDN 4.7%EM0> AEM (9-34%FEE) (T 1 FHLUNSIpfla R~ LTz, 2D XHIZ poly-
FEP, DX IEC (XK SR A#b7cHL ., BIEEREEICIIT DM Lo LA I 223 T&E D,
poly-FEPs 331 UF poly-FEP g @ L IZENZH 9 BETDN 7 THY, pyridinium FD AEM (10 KL )
Fob/hEWMEERL 415 FEP OBUKED RN THHEE 2 Hivd,

Table 3-2. Poly-FEP values for FEP content, IEC; I[EC., WU (in water at 25 °C), SR and A

IEC; 1IEC.
FEP content/mol% WU/% SR/% A
/mmol g~' /mmol g™!
poly-FEP, 1.0 006 NA. 7.1£12 2.8+04 NA.
poly-FEPs 5.2 0.29 042+£0.02 7.1£0.5 2.1+£04 9
poly-FEP 1 10.5 0.52 0.77+0.03 9.0640.5 47+18 7

3-3-6. MERGILIELV P =y ARV —DAZAREEE T VIV R E M

FEP-BMA , Tokuyama A201 DA A5E

Tokuyama A201 [ 80%RH (233175 Nyquist 7'= k% Figure 3-21 (2779, Figure 3-21 (a)
FV | ERHEOEGTH RO M i TR R B —& 2] (Figure 3-21 (b)) #7147
AT U AT AREHROIEHUE R 23R 72, [FERIZ FEP-BMA TH M3 BLHIS#L (OH form,
Figure 3-22 (a)), /A fAA L7V BMA OF:-[iX Re Z =0 Q 2°H3H B> TS 4T
(Figure 3-22 (b)), FEP-BMA 3/ &7 HILDE NG A 7y Sz, Ziud, BMA 23
[ R DIRGTZ T T D —F5 . FEP-BMA [ XEMFE R OB 3 1380272 /NS72 3
TavhsSiizEEZ DI EHOMNE ERVEEREORIUER L LT,
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(a) (b)
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y

ReZ/Q
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Figure 3-21. Nyquist plot of Tokuyama A201 (RH = 80%, 40 — 80 °C) of (a) wide range, (b) narrow

range.

ImzZ/Q
R
et

(b)
a -40 .
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Figure 3-22. Nyquist plots and equivalent circuits of (a) OH- form FEP-BMA and (b) BMA.

40%RH $ 118 80%RH (23175 Tokuyama A201 & FEP-BMA @ OH- form F& O} CI- form
DAX AREE% Figure 3-23 12T, W IUHIKIREBREE Th D 40%RH (25T, 80%RH T
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A HEDIKFNS I, RS 228 TAAARENEN BN 72, Tokuyama A201 JEEOD{RHE X
BEMEME R — B TR, RARICHBITDIEE S MBI o144 AREERENEY) ThHEFE 2
é 16o

80 °C. 80%RH (23T FEP-BMA (CI- form) (% 23.7mScm?! THLHDIZH~, FEP-BMA (OH-
form) (X 55.2 mS cm™ XV EVMEEEZRL, ZAUE OH 23Ky 1L OfE A fRif o Iz LD
(REHE THD Grotthuss B IZ L > TREL < AKFISHILBCEC it i L > T8 3% CI
(ZEEARTCHEA OBENE N 2.5 0% E\ 2D THY | FEP-BMA D& LI E D2 42 7R L CD,
17X51Z FEP-BMA (OH- form) DA A AR 55.2 mS em™ (80 °C. 80%RH) %7/~L., 3T
DOFMETFTHIRO AEM J0b@nAA A8 EEZ R LT, FIL BMA ZFE8HFKEL T4 F
% imidazolium &L72J9 IEC D&V AEM (0.149 mmol g') 1%, 43.7 mS cm™! &5 S0 THY,
18 LKW IEC TEWAAARENEE 7R LUTZ FEP 137 = AMREI R HF S L QWD EE X
%R

- 10%;

5 EPBUACH) | ea0
CD 4

£ | Commercial AEM 80%
- 40%
S 10

g .\\H'///.)ﬁ)'g,,.4g%
©

5

o FEP-BMA(CI)

C

(@]

1 T T T T T

30 40 50 60 70 80 90
Temperature / °C

Figure 3-23. Temperature dependences of ion conductivity of FEP-BMA(CI) (green), FEP-

BMA(OH) (red) and commercial AEM (black) under 40% RH (squares) and 80% RH (circles).

Poly-FEP, D1 A AR

Figure 3-24a |Z poly-FEP, © OH =& %477, Poly-FEP, ® FEP 3 AR VY, A4
{RIBFEDBENL THY, poly-FEP o 1Z 123.4 (£13.3) mS ecm ! EFELLEVWMEERL, ko> FEP-
BMA J0HEVMEZ/RLTZ, Z4UE 1.0 mmol g' LLFD AEM D727 CTldfeh d O EEIZAD
1920 — ey 70 F A FECTdH D ammonium A A2~ T FEP & OH™ D33V AAEHIZE - T
OH™ DfBEENF LS, ED@MWAT REEAT BB EDN S OAA 8 AT b LT
LG T BID, EHIZ FEP O RERAF AR H 5L, IEHIZE1T5 FEP OFFE %
IREAF U EDOFEREIED RN, OH B SAZ AL TOD FTRENEN S 5 Z &b AR E )
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FIZH G L TWAEE 2 HIVD, Arthenius 7'y Y (Figure 3-24b), A A AREOTEM AL =1L
F—I% 17-26 kJ mol! Z7/RL . fLd polystyrene ~<— A7 AEM E[alkE THY, Grotthuss HEHEA3 3
BLHI ChHHZENRIBI T, 2123

(a

lon conductivity / mS cm™

~

—
(o]
N
I

poly-F.I_Eﬂ/

—_—
(@)
L

poly-FEP,

—_—

50 60 70 80
Temperature / °C
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(b)

Inc

-1
poly-FEP;, @80%RH
21 A 21.4 kI/mol
3 A
4 - SRS SCEPI,
[T
- 12.8 kJ/mol
-5 poly-FEP; " ++-...__ 25.6 k3/mol
LT (LA .
97 28 29 3 31 32
1000/T K™

Figure 3-24. (a) Temperature dependences of the ion conductivities under 80% RH, and (b) Arrhenius

plots and activation energies of poly-FEP; (green), poly-FEPs (orange) and poly-FEPo (purple) and

commercial AEM (black) membranes.

Poly-FEP 1o D7 /L 71V 22 i PEE A

Figure 3-25a |Z poly-FEP;o ™ 1 M potassium hydroxide /K¥&iH, 500 R¢fiH 80 °CTT VA%
EMERE 2T ST R O OHAmEE B L OO G B A /RT, TV AVE EMRHEE T 721
BOWTHEORIRITHERFS L, A4 MR E 1L 80 °CIZHWT 47%J L7=, pyridinium <°
imidazolium 72 D~T G HFERRD I F A LU FAFFO AEM ERIRED L EMEZ R LTz, #4257
NV EMEFHRT O FT-IR A~7k1XY (Figure 3-25b), 2097 cm! @ azide D {HiffE IR HE)
DOE—I5REL LT, 1685 cm! O C=C BL® C=N " HiEAOMHHEIREEI O — 758 A3
PLTNDZEND, FEP 2=y "D R RIB ST,
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Figure 3-25. (a) Temperature dependences of the ion conductivities of poly-FEP1o before (purple) and
after (blue) stability test and photograph of after stability test and (b) FT-IR spectra of poly-FEPo
before (purple) and after (blue) stability test.

3-4.3 EOEED

AREETIL, Stille B 7 V7 RGIZEST vinyl &2 FF> FEP 24K, BUKYEE /~—Tho
BMA L7V VLS EITHZETHIBHIC FEP 28795 AEM Z{ERLL7- (FEP-BMA), #]5H T
FEP % &4y TSI A+ 52 LN TET=28, FEP OEMREIED S/ AR BHIRES -,
W ethynyl 24432 FEP ZA % L. CUAAC (ZE->TEsy IBHIZ FEP 2% &AL (poly-
FEPy), % 1EAfi9 52 LT FEP OE A% 10 mol%E Tl _ET 52 LN TE, FEP D X7 [IE 227
FAFZ @G FITEATLFELL T BEEES I AREMPE LN LR DT, W
FTNOREL IEC 28 1.0 mmol g! LLF 7> TNDZEMND WU 1 9.0%, SR 1 4.7%E W T 1LEH IR
<, BEREEICBIDIZIC DAL 2 NH 52 L3 TED,

FEP-BMA % 55.2 mS cm™ (80 °C . 80%RH) Z/~RL., X TOSLKRME FTHEDO AEM X5
WA AREMZ IR LT, F72 poly-FEPyo I 123.4 (£13.3) mS em™!' EFELIEVMEZ/RL, 1.0
mmol g' LLF D AEM O720> Tl mWEEICAD, — X172 F 4 T2 ammonium A
AT FEP & OH OFWMHAAEAIZE > T OH OB N E L &L, TDEWA4 R
FEEAF BB N @A AREN AL oD LI SR b,

poly-FEP o 137 VBV EM T AT 7212 12 B W CTH IO TR TR S AL, A4 AR S 1T
80 °CIZHRWT 47%J D L, ~TREFRROIT AL FEFF > AEM ERIFEE DL EMZRL
7
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F4E RE7FILFIVEZEAL-BEEILEEIDS O LAFVE/X—BLUE
D7 —FUORBIEOERBEEF (AU InEMN

4-1. Fr

3 EIZBUVT, FEP 28I T AEM Z/ERIL (KUY IEC 7230b @V A A AR 2 JE 15
L7z, FEP D IE B OIEFENEDD FEP & OH™ D3V AAEFICL > T, OH L OfiRREIME S
o, A PRE LA BB D 0] B LTSRSl 7o, L LZRA5, FEP [ 4y 1-[E1FH BAEH

TS, FEP 13& 0 FIEHIZ W T L TR, BREMITES TERh o7, £ZTAH
BT, FEP ICRHT XNV IEE 53528 T, Tw:ﬂwvéﬁf’a% van der Waals /7& FEP [H® n-
A AAEH ORI RIZL ST FEP 2=y MOEFELREL , 7 TAF— RS EHIETA AR
WOSAETER T Do ZAUZKOAF L BENVE D FSEAHZETAAREE DR F &5,

1 TR ~72i@Y | FEP (27 V% VB AE AL BT HE S THY, Scheme 4-1 D JLHIC
pyrylium A7 1Z& p-alkylaniline & S GSHEHZETE KN FEETHD, | ZOT/LF /L ILAE AN
L7= FEP (LA, C.FEP: x =0, 6, 12 BLTN 18 DT LFLEE) OMEFEITENDIRY Wu HI2k5D
2 FILHVRL SERDHENMLETHD, 12 T2 TARFETIL, bromo £:4H-> CFEP (Br-C,FEP)
EEL, 2O AEERET VXV EHEOBRE AR L,

Br Br R=H co
HzN@ R O 0, O BF, A CB
3 T : BF, TP INANANAAA
& é () o OC g c18
R R

Scheme 4-1. Synthesis of Br-CxFEP (x =0, 6, 12 and 18).

F72 3 EOIHIT Stille BT V7128 ethynyl HEZAE AL, CuUAAC (IZX->TEr FIEHIZ
CFEP ZE AT 2%, irfikiteL T, OmmFEHEDVICHE FREFIZ/202ET FEP 23>
WAEE 1 AZ xR LT HIEEREE | @8 E FEP BT LF VAN —H— 28 A 52T,
SHOEEEAZ IS, £ ET 5, L EEESE X T, Figure 4-1 OJOH72 @0 &G,
ZOEFENEE AT ARENEE RN LT,

he
Q
%
N R=H CO
O NN CB
_ INAAANA
o ; c18
oL
CJ
R

Figure 4-1. The chemical structure of polymers having CxFEPs in the side chain.
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4-2. FEER

4-2-1. BRI
* N,N-Dimethylformamide (#ii7k DMF, 2 99.0 %) (Wako)
+ 2-(4-Bromophenyl)benzo[1,2]quinolizino[3,4,5,6-def]phenanthridinium (KA AR
tetrafluoroborate (Br-FEP)
- 2-(4-Ethynylphenyl)benzo[1,2]quinolizino[3,4,5,6- (KA E R

deflphenanthridinium tetrafluoroborate, ethynyl-FEP (ethynyl-FEP)

65

* 2,6-Diphenyl-4-(4-bromophenyl)pyrylium tetrafluoroborate (Brpy) (KA AR
* 4-Hexylaniline (TCDH
* 4-Dodecylaniline (Aldrich)
* 4-Octadecylaniline (Aldrich)
*+ Copper iodide (99.0 %) (Kanto)
» Tetrakis (triphenylphosphine)palladium (0) (&5 5 H) (Wako)
+ Dichloromethane (—%) (Kishida)
+ Hexane (—#k) (Kanto)
* Dimethyl sulfoxide (DMSO-ds, D: 99.9 %, TMS 0.05 %) (Merck)
+ Acetone (>99.0 %) (Wako)
*+ Methanol for LC/MS (2 99.7 %) (Wako)
* N,N-Dimethylformamide (DMF, = 99.0 %) (Wako)
* Butyl methacrylate (> 95.0 %) (Wako)
+ Azobisisobutyronitrile (AIBN) (2 99.0 %) (Kishida)
+ Tributyl(trimethylsilylethynyl)tin (= 95.0 %) (TCD
+ Acetonitrile (Wako)
* Diethylether (Kanto)
+ Potassium carbonate (Wako)
+ Methanol (4##k%) (Wako)
+ N-methylpyrrolidone (NMP, =99%) (Aldrich)
- Copper bromide (CuBr, =98.0%) (Nacalai)
* N,N,N'N",N"-Pentamethyldiethylenetriamine (PMDETA > 98.0%) (Wako)
+ Chlorobenzene (> 99.0%) (Wako)
+ Ethanol (99.5%) (Wako)
+ Chloroform-d (containing TMS = 99.8%D) (Aldrich)
* Sodium azide (98.0%) (Wako)
+ A201 film (L =30 pum) (Tokuyama)
*+ Sodium chloride (99.5 %) (Wako)
+ Potassium hydroxide (4##%) (Wako)



+ Activated alumina (neutral) (MP Biomedicals, Inc.)

+ Sodium sulfate (99%) (Wako)
+ Silver nitrate (99.9%) (Wako)
+ Potassium chromate (99%) (Wako)
+ 12-Bromo-1-dodecanol (TCI)
+ Methacryloylchloride (Wako)
- Chloroform (#Mii7K, 2 99.0 %) (Wako)
+ Dimethyl sulfoxide (DMSO: *Ffk) (Wako)
+ Deuterium oxide (D20, D, 99.9 %) (Cambridge Isotope Laboratories)
+ Sodium deuteroxide solution 40 wt.% in D,O (D, 99.5 %) (Aldrich)
* 18-Crown-6-ether (Aldrich)

4-2-2. FEREEE

- B E/HrEt (HR-ESI-TOF MS) : Micro TOF (Bruker)
- BRI EEE (NMR) : INM-ECZ4008 (JEOL)
- TV IR IR (FT-IR) @ Spectrum 65 (Bruker)
- BN R EEVIHTEEE (TG-DTA) : EXSTAR TG/DTA7300 (SIT)
- R X #REHTEHEE (PXRD) : MultiFlex (Rigaku)
- VA X BREGELEEE (SAXS) : NANO-Viewer KMYC (Rigaku)
- EEMEESHTEE (DSC) : EXSTAR X-DSC 7300 (SIN)
© BEHCBTRIE S AT L MTS 740 (Scribner Associates Inc.)
« JEPEEUSE T F A% —: Solartron 1260 (Solartron Analytical)
- EdE ks a~h2Z7 (HPLC) : LC-2000Plus series (JASCO)
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4-2-3. Bromo B4 [ THRETNINVELEALLBREBILBEL I =Y LT /v — (Br-
C,FEP) D&k

Cc18

CeH13

20 mL H 7V RIC 4-hexylaniline 0.98 g (5.5 mmol) % A4l 10 mL @ ethanol {ZI&fEL7-,
500 mL — H 77 A={T ethanol 300 mL % A #U. 2,6-diphenyl-4-(4-bromophenyl)pyrylium
tetrafluoroborate (Brpy) 3.0 g (6.3 mmol) % TN sodium acetate 3.2 g (24 mmol) ZJ1Z . IRfESH 7=
#% 60 °CT 5 /3 WIINEAL 7=, ZHUTHEIEE D 4-hexylaniline VAT AT L, 2EHRPHE T T 24 B
MEVE L (100 °C) Z1To7-, TOERZ = /NRL —3 3L ethanol ZBrRELT-1% .
dichloromethane (Z{&fi# 7=, dichloromethane -7K C sodium acetate ZFrZEL7-% | g4 = KL
—ar URMELT-1% | hexane Z &AL LT LB EEAT 72,

2-(4-bromophenyl)-9-hexylbenzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate (Br-C¢FEP)!
Br Br

( ®

0, BF,

|\|3|:4-4>
+_ hV
X eon (X

e 9

CeH13 CeH13
500 mL Y52 (E 12 ethanol 200 mL % A#L, Br-C¢FEP pre % 0.60 g (1.1 mmol) ZNZ 7=,
FNTV T UG 0°C T 24 K UV Z#IRET L7, SOGHK T R IBIEIERZTTV, AETRITE
B LT,
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4-(4-bromophenyl)-1-(4-dodecylphenyl)-2,6-diphenylpyridinium tetrafluoroborate (Br-C.FEP
pre)'

Cq2Has

5mL ¥ 7 VEHRIC 4-dodecylaniline 0.38 g (1.5 mmol) % A#L, 3.0 mL @ ethanol [ZIFfiEL7=,
200 mL -1 77 A=(Z ethanol 110 mL Z A#1, Brpy 0.80 g (1.7 mmol) /% U* sodium acetate 0.51
g (6.2 mmol) ZNNZ ., EESHET-1% 60 °CT 5 43 RIINEAL 72, ZAUZSEIZE D 4-dodecylaniline %
AT TL, ERFFKT T 24 REINBGER (100 °C) 2ATo72, ZOWKAT AR —ay
L ethanol ZfRrZ=L7-1% . dichloromethane (Z¥%5f#L 7=, dichloromethane -7K T sodium acetate A [F
ELT%, MEEZ T SR —2a LIRMEL 7% . hexane Z B IR IS LT- LB EA T o 72,

2-(4-bromophenyl)-9-dodecylbenzo[ 1,2 ]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate (Br-C,FEP)!

Br Br

( ®

O, BF,

| N BF, E—
+_ hV
® éN) Q) eow (X
C12H25 C12H25
500 mL Yt UG 2EE I ethanol 200 mL % A4, Br-C12FEP pre % 3.0 g (4.2 mmol) /1 X 7=, %

FNTV T UM 0°C T 24 K] UV ZHRE U7z, SOGHE TR IBEIER 21TV, AWa T
R LT,
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4-(4-bromophenyl)-1-(4-octadecylphenyl)-2,6-diphenylpyridinium tetrafluoroborate (Br-CsFEP
pre)'

N BF,

[s34s
o

CqgHaz

20 mL Y27 /VEHRIZ 4-octadecylaniline 0.63 g (1.8 mmol) % AL, 10 mL @ ethanol [Z¥Af#EL
720 300 mL . [1 77 Z=1{Z ethanol 150 mL % A%, Brpy 1.0 g (2.1 mmol) X TF sodium acetate 1.1
g (13mmol) ZMZ ., ERLIZ#% 60°CT 5 3 RIINEAL T, ZAUTHEIZE D 4-octadecylaniline 1K
Zl T L, EHREFK T T 24 ReENBUEFE (100 °C) AT o7z, ZOWKE TR —Tar L
ethanol Z &7 L721% . dichloromethane |Z3&f# L 7=, dichloromethane -7K C sodium acetate & & 7%
L7tk Mgz R —a LRMELT- % | hexane A BRI L LT LB AT o7,

2-(4-bromophenyl)-9-octadecylbenzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate (Br-CsFEP)!
Br Br

® ®

O, BF,

N BF, EE—
| +_ hV
® © Q) Eon (X
C18H37 C18H37
500 mL SO EEEZ ethanol 200 mL & AL, Br-CsFEP pre % 0.90 g (1.1 mmol) ZNNz.7=,

PR/ N7V U5 0°C T 24 R UV 2 IR Uz, BOSE TR IBEREIE 21TV, A%,
JERZIR LT,
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4-2-4. BEHTNVXNVEEZEAUTMBRPILEL ) =0 AF )~ —0EFER

[ 2]
- TG/DTA

FEHE: 20 °C min”! A= AT HIFH: 30 - 900 °C
A Air
- DSC

A 10 °C min™! AATHIPH: —30-300 °C
HA: Na U771 A% Almina
- XRD

FIINEEE: 40 kV FINEEN: 30 mA

X #IE: Cu Ko AR HIPH: 20=10-50°
AT v 7 0.05 °

4-2-5. Stille ¥y 7V 7 BILOWIRERIGIZLD ethynyl EZDOE A (ethynyl-C,FEP)

™S

Br Ifl I

= IAMA B
BFy _TMS—=SnBu; BF4 BF,
d(PPhs)s DMF Tico,

O%g 3)4 O O DMF/MeOH O O c18

R
Br-C,FEP TMSethyny] -C,FEP ethynyl-C, FEP

9-hexyl-2-(4-((trimethylsilyl)ethynyl)phenyl)benzo[ 1,2]quinolizino[3.4,5,6-
deflphenanthridinium tetrafluoroborate (TMSethynyl-CsFEP) 34

T™MS
| |
BF4 TMS—==—SnBuj; BF4
od’io
CeH13 CeH13

v al 7% Br-CéFEP 232 mg (0.368 mmol), Pd(PPhs)s 24.0 mg (0.0208 mmol) & O
tributyl(trimethylsilylethynyl)tin 434 mg (1.12 mmol)& Aiv, ¥ 7 X L% vy S IZEVEAL, XA~
FLR T TGS LTz, ED% MK DMF % 4 mL MR 7, ZiZ 50 °CC 24 Refi1##RE LT,
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Diethylether (ZFFLE LERTHHL72RIECHIET AT L a— T L% T -T2, —ERRE
diethylether TP L7-% . EBBIIAEL% dichloromethane (225 % | [RIRX L7= 4RI AR L E W13 2%
SEENDI-OEEFEL-, SHIZEBRAEEZ acetonitrile (22 2z | BN LI=IARZ =/ NiRL—3 a1
TEHELT-1% . diethylether (ZFRULEEL 7=,

2-(4-ethynylphenyl)-9-hexylbenzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate (ethynyl—CﬁFEP) 34

|| It
O BF4
O&O DMF/MeOH O O

C6H13 CeH13
50 mL — A 77 A={Z TMSethynyl-CeFEP 130 mg (0.200 mmol). potassium carbonate 55.2 mg
(0.400 mmol), DMF 4 mL 3 X0 methanol 4 mL % AL, SRIEZEFEFZPHE FC 15 FE#EHE L,
2% diethylether [ZFFPLERL | JRUEIEIR L T2, A¥% hexane TUeiL . iR CIJERIELTZ,

9-dodecyl-2-(4-((trimethylsilyl)ethynyl)phenyl)benzo| 1,2]quinolizino[3,4,5,6-
deflphenanthridinium tetrafluoroborate (TMSethynyl-C1,FEP) 34

TMS
||
BF4_ TMS—= SnBu3 BF4
Pd(PPh3)4DMF O ﬁ O
C1aHas C12H25

T2l 742 Br-CoFEP 263 mg (0.368 mmol), Pd(PPh;)s 24.0 mg (0.0208 mmol) & Of
tributyl(trimethylsilylethynyl)tin 434 mg (1.12 mmol)Z AiL, B/ ¥ L% vy 7 IZXVPAL, XA Y 7
TLR T TG AL T, Z DK DMF % 4 mL A 72, 244 50 °CT 24 BeffRFrLT-,

Diethylether (ZF7LE: LERATHHL72REECTHIET VT v a— T 2% T o7z, —ERRE
diethylether T L7=1% . BBIIALLZ dichloromethane 1228 %, B L7- AR IZA R L&D %
SEFENDIZOBEIELT-, SHIZIEBIVARELZ acetonitrile (225 %, [FIX 7=k E =/ SR —a L
TEREL7-1 . diethylether (2B L 7=,
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2-(4-ethynylphenyl)-9-dodecylbenzo[ 1,2]quinolizino|3,4,5,6-def]phenanthridinium
tetrafluoroborate (ethynyl—CleEP) 34

|| It
O BF4
O&O DMF/MeOH O O

C12H25 C12H2s
50 mL — A 77 A={Z TMSethynyl-C12FEP 142 mg (0.252 mmol). potassium carbonate 69.6 mg
(0.504 mmmol), DMF 6 mL 330" methanol 6 mL & At IRE £ FFHL T C 15 REEHEEL
7o, i diethylether |2 7L L, JEIEIE L 72, A#)% hexane THEF L, SR ClE 7L,

9-octadecyl-2-(4-((trimethylsilyl)ethynyl)phenyl)benzo[ 1,2]quinolizino[3,4,5,6-
deflphenanthridinium tetrafluoroborate (TMSethynyl-CisFEP) 34

T™MS
||
BF 4 TMS—= SnBu3 BF4
Pd(PPh3)4DMF O ﬁ O
C1gHar C18H37

a2l v 7412 Br-CisFEP 294 mg (0.368 mmol). Pd(PPhs)s 24.0 mg (0.0208 mmol) & X
tributyl(trimethylsilylethynyl)tin 434 mg (1.12 mmol)Z AiL, B/ ¥ L% vy 7 IZXVPAL, XA Y 7
FLR T TG IR LTz, D% MK DMF % 4 mL M 72, 2k 50 °CC 24 REEEFR LT,

Diethylether (ZF LB L ERHTH LI IREETHMET VI v a— T L5 ToT-, —ERE
diethylether T L7-1% . FEBRRIEA dichloromethane (225 % . IR L7 41 A R LA 3%
SEFENDIZOBEIELT-, SOIZEBIVEELA acetonitrile (228 %, B L7-iE K E =/ SR —a L
TEHELT-1% . diethylether (ZFFVLEEL 7=,
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2-(4-ethynylphenyl)-9-octadecylbenzo[ 1,2]quinolizino[ 3,4,5,6-def]phenanthridinium
tetrafluoroborate (ethynyl-CsFEP) 3#

TMS
|| ||
BF4 BF4
ch:o3
CIp0 on 0
C18H37 C18H37

50 ml 1177 A=1Z TMSethynyl-C1gFEP 82 mg (0.10 mmol). potassium carbonate 28 mg (0.200
mmmol), DMF 4 mL 320" methanol 4 mL & A#L, 2l %5255 PH T C 15 KRR L7=, 2
% diethylether |Z PR L | JUETEIR L7=, A¥% hexane TYEL . =R CHULRLE L7,

4-2-6. F8{7 /L% /L polymethacrylate X— ARV ~— (azide,-BMA) DERK

12-azido-1-dodecanol®

100 mL & —%—{Z 12-bromo-1-dodecanol 3.16 g (11.9 mmol) % A#L DMSO 10 mL (ZIAfEL 7=,
F£72 100 ml 7 A7 7222 sodium azide 1.16 g (17.9 mmol) % AAL DMSO 20 mL (ZIAfiEL ., Zh
IZ 12-bromo-1-dodecanol &% L7z, iR T 24 RERHBHRL . MilliQ-/K 30 mL % /1% CTK-
diethyl ether T/ LT=, A7V 2—EF 2B L, MEE ML,

12-azido-1-dodecanoylmethacrylate®
0

Cl o

e
Ho/\/\/\/\/\/\/N3

N3
TEA CHCI, O

10 mL %> 7 /L JEIZ methacryloyl chloride 876 mg (8.37 mmol) & A4l & B EHLL /= 1% MK
chloroform 3 mL #1272, ¥7= 50 mL —. 177 A=|Z 12-azido-1-dodecanol 853 mg (3.75 mmol)
FBL O triethylamine 1.14 g (11.3 mmol) % AL, ZEHREHLISLOKMH LT, ZAUTHEK chloroform
10 mL #JL T methacryloyl chloride ¥ 2 F L. 1 RFEDKITLARDSIRFRL | FEVVTERIR T 24
RFfIRFR L7, Zha /K /chloroform T/orkL . IRffE L7212 7 /L X772 (hexane/ethyl acetate =
95/5) HATVVKERIL 7=,
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Poly(12-azido-1-dodecanoylmethacrylate-co-n-butylmethacrylate) (azide,-BMA,)

Lo o e, Y,
O + O R

O (0] chlorobenzene % O
5512 N312 g

5 mL Y7 VENRIC 12-azido-1-dodecanoyl methacrylate, n-butyl methacrylate, AIBN 35X
chlorobenzene 1 mL & AL, I8fELT-#% T AE I LTZ (Table 4-1), ZivZ 3 FEoURE i S L&
BEL. 60 °C, 24 FFHIINEAL 7=, £ D%, AZ ) — VIZHREEL | RIS #EZ1T o7,

Table 4-1. Feeds and yields of azide,-BMAnR

azide-BMAm  12-azido-1-dodecanoylmethacrylate BMA AIBN Yields / %
azides-BMAgs  51.6 mg (0.175 mmol) 472 mg (3.32 mmol)  1.44 mg (8.8 umol) 72
azideio-BMAg 103 mg (0.349 mmol) 447 mg (3.14 mmol)  1.44 mg (8.8 umol) 50
azideo-BMAg 206 mg (0.699 mmol) 397 mg (2.80 mmol)  1.44 mg (8.8 umol) 54

4-2-7. V7V RIS EDRET NN BB A LR IBILRE Y P =0 2R < — (CFEP-

BMAy) DA
Poly(n-butylmethacrylate-co-2-(4-(1-(12-(methacryloyloxy)dodecyl)-1H-1,2,3-triazol-4-
yl)phenyl)benzo[ 1,2]quinolizino|3,4,5,6-def]phenanthridinium tetrafluoroborate) (CoFEP;o-

BMAgo) 6-8
I }\%'Qi*o

Q

e §
)\E?’;ﬁg O%O BF,

% >
2 CuBr, PMDETA O O
N3 § NMP O

T al VT Azideo-BMAgy 400 mg (azide: 0.254 mmol), ethynyl-CoFEP 125 mg (0.254 mmol),
CuBr 1.8 mg (0.012 mmol), N,N,N'N",N"-pentamethyldiethylenetriamine (PMEDTA) 4.4 mg (0.012
mmol) F5ETYNMP 20 mL & A4, 3 FEEGREMLAZTTV Y, 50 °C, 48 RERINEL 7=, 2z /KIZH
L DB T T8 T T —av il To7c, L% NMP IZFEf#L . methanol |2
FHLB 2 ZE TR Z R E LT,

O

1

N

43
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Poly(n-butylmethacrylate-co-9-hexyl-2-(4-(1-(12-(methacryloyloxy)dodecyl)-1H-1,2,3-
triazol-4-yl)phenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium tetrafluoroborate)

(CﬁFEP]O—BMA90) 6-8
L gy
o LS
O BF OjN:JNZ o§
O N
n m O O
WO CeHiz BF,

(0]

9 >
3’\}12 CuBr, PMDETA O O
NMP O

3
CeH13

a7 Azideo-BMAg 211 mg (azide: 0.134 mmol), ethynyl-C6FEP 77 mg (0.134 mmol),
CuBr 1.2 mg (0.008 mmol), PMEDTA 3.0 mg (0.016 mmol) XU NMP 10 mL % AL, 3 FEmis
Bi5ZATYY, 50 °C, 48 IFRIINEAL 7o, e KICFREIL 1@ Do BEEAT S Te R T e T —ar
AT 5T, LM% NMP (ZFA L . methanol (ZF3IEE B E CRG AR E LT,

Poly(n-butylmethacrylate-co-9-dodecyl-2-(4-(1-(12-(methacryloyloxy)dodecyl)-1H-1,2,3-
triazol-4-yl)phenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium  tetrafluoroborate)

(CleEPm—BMAgo) 6-8
f
it
® q
BF, g
)\mo Ci2Hzs BF,

o]

O >
T;\?l:m cubr, PMDETA (] g
3 NMP O

Ci2Hzs
a2l VT Azideo-BMAgy 200 mg (azide: 0.127 mmol), ethynyl-C12FEP 84 mg (0.127 mmol),
CuBr 0.88 mg (0.006 mmol), PMEDTA 2.2 mg (0.012 mmol) XU NMP 10 mL & Aiv, 3 EH
FEMLA ATV, 50 °C, 48 WERINEALT-, 2 A /KIZHILEEL, OB TS To % T 17—
2L HAT o7, L% NMP (ZFEMEL . methanol (ZFHIEE T 22 CRIKEMEIRE LT,

O.

1

N

)43
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Poly(n-butylmethacrylate-co-9-octadecyl-2-(4-(1-(12-(methacryloyloxy)dodecyl)-1H-1,2,3-
triazol-4-yl)phenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium tetrafluoroborate)

(CuFEPlg—BMAgo) 6-8
L ey
® & O

3, C
12
iy N-N
BF, N §
e :
g 0 g 0 CigHa7 > BF,
%12 CuBr, PMDETA O O
3 NMP O
CigHa7

T al VT Azideo-BMAgy 106 mg (azide: 0.067 mmol), ethynyl-CisFEP 50 mg (0.067 mmol),
CuBr 0.59 mg (0.004 mmol), PMEDTA 1.5 mg (0.008 mmol) 3320 NMP 6 mL % AL, 3 s
Bi5ZATYY, 50 °C, 48 IFRIINEAL 7o, e KICFREIL 1@ Do BEEAT S Te R T e T —ar
AT 5T, LM% NMP (ZFA L . methanol (ZF3IEE B E CRG AR E LT,

CFEP,-BMA,, $1® FEP & AF D E &

5.0 mg @ CxFEP,-BMA,, BLUOWEIE#ELL T ammonium hexafluorophosphate 500 pg (3.1
umol) % 1.0 mL DMSO-ds |\ZIAf#L . 'F NMR I iE%&1T -7, PR DY — VA EHELL T,
VLA —T =4 BEy O —ZE NS FEP O A LB IO Lo IEC 2Rz,

- TG/DTA
FIRHEE: 20 °C min’! EATEIH: 30 - 900 °C
I A Air

4-2-8. TR NEEH THMBRBILREY V=0 LR <~ —DEFE M

RIS ¢ ANEIZ LD CFEP,-BMA, D HLJ5E

20 mL A2V = —E)EIZ 100 mg CxFEP,-BMAmZ A4L, NMP 10 mL /12 C 60 °CTHEA LA
fRELT-, ZNET 70 —LAZF v AL 80 °CTMET D2 LTI A R E LT~

CEREESLD
- DSC

AATHFE: 10 °C min'! AR —30-250°C
HA: Ny V7 7L A% Almina
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+ XRD

FINFEE: 40 kV FANFET: 30 mA

X i Cu Ka EAHIDE: 20=10-50°
AT 7 0.05 °©
+ SAXS

FINFEE: 40 kV FIINFET: 30 mA

X #: Cu Ka AEAEPH: 20=0-6°
AT 7001 °

4-2-9. TAXNEEH THIERIILREEY V= ARV~ — DA AZEHEE T VIV 2 EME

< RE (WU) 0

OHIZAA L AZHR LTz CFEPy-BMA, AR | 2O EEZPELTZ (Way)o SHIZEFR
NR—=T LI MilliQ-/KIZ 1 HERL, BWH L% FRFLERHROKE ST, ZOEHEELFHIEL
(Wuwet)o WU [ZEL FOi@Y R,

WU = ety 00

dry

-MZiE=E (SR)®
OHIZA A ZZHAL Tz CxFEPy-BMAy IRA I EHMEL | Z DIRDO RSZM T2 (lay)e SHIZEHR
AN—=V LI MilliQ-7KIZ 1T HERL, BWHLIZZESZ RO (lve)s SR IZLA T DR DT,

SR = MX]OO

ldry

AF AR B (IBC) BLOUKFIE 1) 10

CxFEP,-BMA, % 1 M sodium chloride KIAHKIZ 1 HEIRL, CHIAA L AT ST,
60 °CTIRUEHZIEEL , TOHEELHELTZ (Way). Z4L%Z 0.5 M sodium sulfate /KIA#K 50 mL 1237
L. SOZNTAF U M LT, T2 H LT ZDYERRIZ 5% potassium chromate 7KI&HK 1 mL %
JNZ. 0.1 M silver nitrate /KIAHE Tl EZAT o7, #AIIRGEDILBNECTZRELTZ (Vagno,)o
IECe IZPL FDOIAHIZ KT,

VagNo3*CagNo
IE(:e - gNO3 gNO3
Wdry

7



SHIZIECe BELTV WU 22D A A dE 1 53 F 720 OKRZF DR () ZLL T D@ Y K

—o

10X WU
18.05 x IEC,

C<FEP,-BMA , DA A Az

C«FEP,-BMA,, 5% 1 M NaOH /K& 100 mL (Zi2L 1 HEFETHZETOH 1A A4 i
1ToTe A RWEATH T B HE ATV LTz MilliQ-/K T2 e L= 1% . MilliQ-/K Hf
21 BEFE T2 CREIREZ IR E L, 2N E SR CHEZERIRELI- %, BIEIEE1T 72,

[ HT E 544 )
FHXHTEEE: 80% IR 50— 80 °C
T A N, HE: 0 kPa

(A ARESE 6 DFHEK]
o=L/(RXA) o: & Scem! L: = cm
R: P Q A: Wi FE cm? (0.45 cm?)

- C\FEP-BMAn D /KAL) A A ARG I E
VERLL 722840 % 1 X3 em FREEICHIETL . 1 M potassium hydroxide /K¥EEIZ 1 H&RL, €D
B RPN BN — VLT MilliQ-/KIZ 1 HIRIEL . REIDIE AR E LT, ZORZTR BT
£HF, MTS-740 IZZ2 55U TEDTZIT AL W IO AL, FIHIORIEBREEIZ 3 IR R E
L. &5 6 RIHIELT,

*CxFEP,-BMA, B X O FEP &/~ —D 7 /L V2 E PR 1!

CFEP,-BMA, % 1 X3 cm F2E 2K L, 1 M potassium hydroxide 7KIEIRIZEIR L, Ay b7
L—h_ 1T 500 IEfE] 80 °CHNEAL 7=, Z DA IECHMICEF/I— U LT- MilliQ-/KIZ 1 HIZ{EL
RENOEAFRE LT, ZOREZIR BIZEOATT | 55U TEDE T it 720 1912 MTS-740 1T
RN, FIADRIEBREEC 3 REIEREL . &5 6 BIAIE LTz, 25 =R A% T XRD, FT-
IR {IEEIT ST,

FEP HRDZ2 MR D 7= | B H#a{k D non-FEP (28 mg, 60 pmol) % DMSO-ds 3 mL, D,O
2.4 mL J5LTN 40 wt.% EKE{LT FIT A DO K 0.6 mL DIRGIESEICHAREL , 0.45 M 18-
crown-6-ether D,O ¥&iZ% 6 N2 72, ZOTEIRZEFF5H T T 3 KFfH 80 °CNEAL . ZDF% H
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NMR HIEEZIT-7=,

[ 2]
- XRD
HIINE)E: 40 kV FIANEEE: 30 mA
X #: Cu Ko AATHIPH: 20=10-50°
AT 710.05 °

[BEHCH T E 2]

FHXHTEEE: 80% IR 50— 80 °C
jj7\: Nz ;I%ﬁ}j? 0 kPa
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4-2-10. CLFEP EABEZE X I-MERBILEE V= LR~ — (C.FEP,-BMA,) DERBE

(O 743
Poly(n-butylmethacrylate-co-9-dodecyl-2-(4-(1-(12-(methacryloyloxy)dodecyl)-1H-1,2,3-
triazol-4-yl)phenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium  tetrafluoroborate)
(C12FEPs-BMAys) 68

BF4 N N

g
d o] g 0O C12H25 BF,
jN‘Q § CUBI' PMDETA O O

3
C12H25
a7 Azides-BMAgs 200 mg (azide: 0.067 mmol), ethynyl-C1oFEP 46 mg (0.070 mmol),
CuBr 0.88 mg (0.006 mmol), PMEDTA 2.2 mg (0.012 mmol) }XTYNMP 10 mL % Afv, 3 £l
FEBLRAATVO, 50 °C, 48 ERIMEAL 72, ZIVEIKICHILEL | i DA T o Te e T e 7 —3
AL EAT oI, % NMP IZFVAREL  methanol [ZFFIEI: A2 L TR EBRE LT,

Poly(n-butylmethacrylate-co-9-dodecyl-2-(4-(1-(12-(methacryloyloxy)dodecyl)-1H-1,2,3-
triazol-4-yl)phenyl)benzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium  tetrafluoroborate)

(C12F Eon—BMAgo) 6-8
Lo
no g
(0]
j—%z §

o D
He ;
o) o) Cq2Has BF,

3 NMP O
CyoHog
T al VT Azidey-BMAgo 200 mg (azide: 0.23 mmol), ethynyl-C12FEP 152 mg (0.23 mmol),
CuBr 1.8 mg (0.012 mmol), PMEDTA 4.4 mg (0.024 mmol) XU NMP 10 mL % AL, 3 FEmis
JHAREATUN, 50°C, 48 IRFRIINEAL 7=, ZNAIKICH IR | 1 DB EAT ST T 7 —ay

AT o0, L% NMP IC AL . methanol I FLE T A2 CREIEMZRE L,

BFEOIHTIT 4-2-7 D5 4-2-9 THEREEICAT-7=,
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4-3. WER B
4-3-1. Bromo B4 FTHRETNINVELZEALLBERILBEL I =Y LT /v — (Br-
C.FEP) DA
4-(4-bromophenyl)-1-(4-hexylphenyl)-2,6-diphenylpyridinium tetrafluoroborate, Br-CsFEP pre

A AR R EL TR 23% (800 mg, 5.5 mmol) THF7-, 'H NMR (400 MHz, DMSO-ds) d/ppm
8.66 (s, 2H), 8.30 (d, J = 8.7 Hz, 2H), 7.87 (d, J = 8.7 Hz, 2H), 7.42-7.28 (m, 12H), 6.97 (d, J=8.2
Hz, 2H), 2.39 (t, J= 7.1 Hz, 2H), 1.38-1.31 (m, 2H), 1.24-1.09 (m, 4H), 0.98-0.90 (m, 2H), 0.82 (dd,
J=14.4,8.0 Hz, 3H). *C NMR (101 MHz, DMSO-ds) d/ppm 156.5, 154.2, 144.2,136.8, 133.1, 132.7,
130.8,129.9, 129.7, 128.4, 128.0, 126.8, 125.1, 34.1, 30.9, 30.2, 27.3, 22.0, 13.9. ESI-MS m/z: calcd.
for C3sH33BrN: 546.18 [M-BF4, "°Br]*, 548.18 [M-BF’, 8!Br]"; found: 546.18 [M-BF4, "Br]*, 548.18
[M-BFs, 81Br]". FT-IR (ATR): v/cm™' = 2927 (CHz>), 2855 (CHz>), 1625 (C=C, C=N), 1054 (B-F).

2-(4-bromophenyl)-9-hexylbenzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate, Br-C¢FEP
F O AREL TILER 29% (170 mg, 0.26 mmol) TF37-, 'H NMR (400 MHz, DMSO-ds) 6/ppm

9.73 (s, 2H), 9.40 (d, J = 8.2 Hz, 2H), 9.07 (t, J = 8.7 Hz, 4H), 8.53 (d, /= 8.7 Hz, 2H), 8.13 (t, J =
7.3 Hz, 2H), 8.02-7.95 (m, 4H), 3.12 (t, /= 7.5 Hz, 2H), 1.88 (t, /= 7.1 Hz, 2H), 1.46-1.22 (m, 6H),
0.87 (t, J = 7.1 Hz, 3H). *C NMR (101 MHz, DMSO-ds) é/ppm 147.7, 145.5, 142.8, 134.4, 133.8,
132.9, 131.5, 130.9, 129.2, 127.9, 126.8, 126.5, 125.0, 124.5, 124.4, 124.2, 118.5, 35.7, 31.6, 31.5,
29.1, 22.6, 14.5. ESI-MS m/z: calcd. for C3sHoBrN: 542.15 [M-BFs, 7Br]*, 544.15 [M-BF4, ¥ Br]*;
found: 542.15 [M-BFs, 7Br]*, 544.15 [M-BFs, ®1Br]". FT-IR (ATR): v/em™' = 2932 (CH>), 2857
(CH»),1629 (C=C, C=N), 1054 (B-F).

4-(4-bromophenyl)-1-(4-dodecylphenyl)-2,6-diphenylpyridinium tetrafluoroborate, Br-C.FEP
pre
B H A AREL TR 73% (730 mg, 1.1 mmol) TF47=, 'H NMR (400 MHz, DMSO-ds) é/ppm
8.69 (s, 2H), 8.33 (d, J = 8.7 Hz, 2H), 7.88 (d, J = 8.7 Hz, 2H), 7.43-7.29 (m, 12H), 6.97 (d, J=8.2
Hz, 2H), 2.39 (t,J=7.1 Hz, 2H), 1.39-1.15 (br, 18H), 0.96-0.84 (m, 5SH). *C NMR (101 MHz, DMSO-
de) o/ppm 156.5, 154.1, 144.1, 136.7, 133.1, 132.7, 132.6, 130.8, 129.8, 129.7, 128.3, 127.9, 126.7,
125.0, 34.1, 31.3, 30.2, 29.0, 28.7, 27.7, 22.1, 13.9. ESI-MS m/z: caled. for C41H4sBrN: 630.27 [M-
BF,, 7Br]*, 632.27 [M-BFy, 8'Br]"; found: 630.28 [M-BFy-, "Br]", 632.28 [M-BFy, 8'Br]". FT-IR
(ATR): v/em! = 2926 (CHa), 2855 (CH,), 1625 (C=C, C=N), 1054 (B-F).

2-(4-bromophenyl)-9-dodecylbenzo[ 1,2 ]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate, Br-C1,FEP

FEOARE L TILER 29% (850 mg, 1.2 mmol) CTF57-, 'H NMR (400 MHz, DMSO-ds) 6/ppm 9.73

81



(s, 2H), 9.40 (d, J = 7.3 Hz, 2H), 9.06 (t, ] = 7.8 Hz, 4H), 8.55 (d, J = 10.5 Hz, 2H), 8.13 (t, J = 7.5
Hz, 2H), 8.00 (q, J = 7.9 Hz, 4H), 3.13-3.10 (m, 2H), 1.89 (t, J = 5.9 Hz, 2H), 1.40-1.22 (br, 18H),
0.83 (t, J = 6.9 Hz, 3H). 3C NMR (101 MHz, DMSO-ds) é/ppm 147.7, 145.5, 142.8, 134.4, 133.8,
132.9, 131.5, 130.9, 129.2, 127.9, 126.8, 126.5, 125.0, 124.5, 124.4, 124.2, 118.5, 35.7, 31.6, 31.5,
29.1, 22.6, 14.5. ESI-MS m/z: calcd. for C41H4;BrN: 626.24 [M-BFs, "Br]*, 628.24 [M-BFs, ¥ Br]*;
found: 626.24 [M-BFy-, Br]", 628.24 [M-BE,, 'Br]". FT-IR (ATR): v/cm-! = 2925 (CHz), 2854 (CHa),
1632 (C=C, C=N), 1054 (B-F).

4-(4-bromophenyl)-1-(4-octadecylphenyl)-2,6-diphenylpyridinium tetrafluoroborate, Br-CsFEP
pre
A AR R EL TR 63% (930 mg, 1.1 mmol) THF7-, 'H NMR (400 MHz, DMSO-ds) d/ppm
8.64 (s, 2H), 8.29 (d, J = 8.7 Hz, 2H), 7.84 (d, J = 8.7 Hz, 2H), 7.39-7.25 (m, 12H), 6.93 (d, J= 8.7
Hz, 2H), 2.35 (t,J = 7.1 Hz, 2H), 1.33-1.11 (br, 30H), 0.91-0.86 (m, 2H), 0.81 (t, J= 6.9 Hz, 3H). 1°C
NMR (101 MHz, DMSO-ds) d/ppm 156.5, 154.1, 144.1, 136.7, 133.1, 132.7, 132.6, 130.8, 129.8,
129.7, 128.4, 128.0, 126.8, 125.1, 34.1, 31.3, 30.3, 29.0, 28.7, 27.7, 22.1, 14.0. ESI-MS m/z: calcd.
for C47Hs7BrN: 714.37 [M-BF4, 7°Br]*, 716.36 [M-BF4, 3!Br]"; found: 714.37 [M-BF4, 7Br]*, 716.37
[M-BF4, 81Br]". FT-IR (ATR): v/cm™' = 2921 (CHz>), 2852 (CHz>), 1626 (C=C, C=N), 1054 (B-F).

2-(4-bromophenyl)-9-octadecylbenzo[ 1,2]quinolizino[3,4,5,6-def]phenanthridinium
tetrafluoroborate, Br-CsFEP
BEARLL TULER 42% (382 mg, 0.046 mmol) Ti57=, 'H NMR (400 MHz, DMSO-ds) é/ppm

9.69 (s, 2H), 9.36 (d, J = 8.7 Hz, 2H), 9.04-9.00 (m, 4H), 8.52 (d, /= 8.7 Hz, 2H), 8.10 (t,J= 7.5 Hz,
2H), 7.97 (dd, J = 14.0, 8.0 Hz, 4H), 1.91-1.83 (m, 2H), 1.42-1.18 (br, 32H), 0.82 (t, /= 6.6 Hz, 3H).
I3C NMR (101 MHz, DMSO-ds) é/ppm 145.0, 142.4, 133.8, 133.3, 132.4, 131.0, 130.4, 128.8, 127.4,
126.4, 124.5, 124.0, 123.9, 123.7, 118.0, 31.3, 31.0, 29.0, 28.8, 28.7, 22.1, 14.0. ESI-MS m/z: calcd.
for C47Hs3BrN: 710.34 [M-BF4, 7°Br]*, 712.33 [M-BF4, 3'Br]"; found: 710.34 [M-BF4, 7°Br]*, 712.34
[M-BF4, 8'Br]". FT-IR (ATR): v/cm™' = 2918 (CH>), 2851 (CHz>), 1634 (C=C, C=N), 1054 (B-F).
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4-3-2. RETNFINELZEALIMRPILRE ) =Y 5 /<~ —OETERE

Figure 4-2 |Z Br-C,FEP @ FT-IR A~ MVART, 3_XTOD Br-CFEP (x=0, 6, 12, 18, DA%
Figure #' Co, Ce, Ci2, C1s EZFKFLT D) 2BV T, C=C, C=N LIV B IZLHE—INENEN
1630 & 1054 cm [Z@LHIE A1, Br-CeFEP, Br-C1oFEP 35108 Br-CisFEP (235 T, CHy DX Fi¥s
FOGER MG IR BN 2SI S 472, Br-C6FEP, Br-C1oFEP 3310 Br-CsFEP (233U C, FEx 4
MEPRENTZ 24 2932 em!, 2925 cm! B3 T) 2918 enr'! | HifEIRENIZ 2857 cm!| 2854 emr! B3
O 2851 e IZBLHIS LTz, TBDE —27 DI, Br-C6FEP 725 Br-CisFEP ~&7 /L L
DMENTHIZD4, red-shift Z7~L7= (Figure 4-3), Br-CcFEP Tl 7 /L3 L83 LB AOTARIL C
WH—F T, HEDNEINT I o TR VT Sy F 7L FEIZ Br-CisFEP T, 7 /1%L
$H23 all-trans zigzag IRAEL 72> CWAIEIE CHAHIEXIFMBFEIREN DS 2918 cm! | I HHEHRE) )
2950 cm’! 725> TERY, TIVFKIIVEHN XSy F 7L TWAEHITT& 5, 1213

(a) (b) |
| el | va(CHY
S S 3
8 S
8 3
C [
m (]
£ £
o |CbH o
w w
< <
co ‘ ;
2500 2000 1500 1000 3000 2950 2900 2850 2800
Wavenumber / cm™ Wavenumber / cm™’

Figure 4-2. FT-IR spectra of Br-CoFEP (black), Br-C¢FEP (green), Br-Ci2FEP (orange) and Br-CsFEP
(purple) in the range from (a) 600 — 2500 cm™! and (b) 2800 — 3000 cm’'.

2940 2860
" 29301 *\\\‘\\“072850m<
2 D o
829201 2840 >,
2910+ 2830

0 5 10 15 20
Alkyl chain length (Cx)

Figure 4-3. Relationship of wavenumber of symmetry (black) and asymmetry (red) stretching
vibration of methylene and alkyl chain length.

83



BRI TS ) — VRO LT Br-C.FEP By R XRD /34— X1 (Figure 4-4), Br-
CoFEP, Br-C¢FEP, Br-C,FEP 311 Br-CisFEP (2B W TENZEN 279 (d=32A), 27.1 (d=3.3
A). 264(d=34A) BLW 263°(d=3.4A) \CE—7BBUHISHIZ, ZHUTBESHRO FEP %5
EFJIAEWFED face-to-face D m-n AX XL 7V AHYS T A B MIZFEEIL TRy, M4 71
VBRI AFE T FEP 2= hOTRWEFE /1 AV RSN,

M Cc18

I C6

Intensity (a.u.)

CO

5 15 25 35 45
2 0 /degree
Figure 4-4. XRD patterns of Br-CoFEP (black), Br-C¢FEP (green), Br-C2FEP (orange) and Br-CisFEP

(purple). Red circle indicates peak due to n-n stacking.

Br-CxFEP O 1st cooling 331 T8 2 nd heating ® DSC Hh##% Figure 4-5 |27~ 7", Br-C¢FEP, Br-
CiFEP XU Br-CisFEP (T8N THRERELA, @RI Y 328 — 73BN HL, £ Vel S
1% 268, 183 3L 213 °C, FlRIE 260, 174 3L T 200 °C Th o7z, EHIZ Br-C¢FEP, Br-Ci,FEP
BEOBr-CisFEP O#EE T # /L — (AHp 1ZZENZE4 12,8, 5.1 BELO 7.6 kI mol! 720 ¥
AT 2L — (AHm) 13 12.1, 5.3 BEO 8.1 kI mol! Lreo7z, 7L LB LR A5 EE —
ANE—DORRIB IO R (BE) =2 —DBIfREY (Figured-6a, b), FHL (%
[E) L7 XV RITIEREBRICHD IR I U TR BAE RN R 52 LR RIBE
#177, Br-C¢FEP |23V T, FEP @ -n A¥ X7 L7 L% LEHD van der Waals JJDOFH LRI
O ERERREIRE A2/ R L=, — 75, Br-CioFEP 310" Br-CisFEP Cid, 7L /LD van der
Waals J173 K ECAIE72D . Br-CeFEP (ZEE~_T Br-C1oFEP OARERIE IR 1 3K< 720, Br-CsFEP
BT L LEHD /8% 712 85T, Br-CoFEP XV Br-CisFEP ORISR 1T E < IroT85
ZoND, FEFT R RLX—ZE AG Lo 2Nt —Z Ak AH, = bt —Z5{k A4S DORE%
(AG=AH-T 4S) L0 MBI EHIFT T R —LBAL NN R ETHE, AS=AH/T TH
D, ZZH5H3K 7= Br-C6FEP, Br-C,FEP 33108 Br-CisFEP OIE@ = hat'— AS, 1%, ZhZ2h
227, 11.9 BXV 17.1 K mol! Th-o7z, ZOMARNITA RIS L O 2B — LRI THY |
R e — IR 258 A2 7R LT Y | Br-CoFEP OREEIRREIZ IS 1T A= hre —0
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Figure 4-5. 1st cooling DSC curves (upper) and 2 nd heating DSC curves (lower, 10 °C min™') of Br-
CoFEP (black), Br-CsFEP (green), Br-C2FEP (orange) and Br-CisFEP (purple).
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Figure 4-6. (a) Relationship of freezing temperature (red), freezing enthalpy (black) and alkyl chain
length, and (b) relationship of melting temperature (red), melting enthalpy (black) and alkyl chain
length.

4-3-3. Stille ¥y 7V 7 BLOWARERIGIZLD ethynyl EZDOE A (ethynyl-C,FEP)
9-hexyl-2-(4-((trimethylsilyl)ethynyl)phenyl)benzo[ 1,2]quinolizino[3.4,5,6-
deflphenanthridinium tetrafluoroborate (TMSethynyl-CsFEP)

10%D it iRz & e A E AL L CTINLER 98% (233 mg, 0.367 mmol) THH/=, 'H NMR (400
MHz, DMSO-ds): é/ppm 9.73 (s, 2H), 9.41-9.38 (m, 2H), 9.06 (t, J = 8.0 Hz, 4H), 8.63-8.53 (m, 2H),
8.13 (t,J=7.8 Hz, 2H), 8.02-7.81 (m, 4H), 4.54 (s, 0.1H), 3.11 (t, J=7.3 Hz, 2H), 3.11 (t, /=7.3 Hz,
2H), 1.89 (t,J= 7.1 Hz, 2H), 1.44-1.23 (m, 6H), 0.88 (t, J= 7.1 Hz, 3H), 0.30 (s, 8H). 3C NMR (101
MHz, DMSO-de): é/ppm 162.3, 145.0, 141.9, 133.8, 132.4, 132.3, 131.5, 131.4, 130.9, 130.3, 129.1,
128.8,128.7,128.4,128.4,127.2, 124.2, 123.6, 123.5, 117.7, 104.4,97.8, 35.1, 31.1, 30.8, 28.7, 22.1,
14.0, -0.1. ESI-MS m/z: calcd. for C4H3sNSi: 560.28; found: 560.28 [M-BFs]*. FT-IR (ATR): v
(cm™') =2929 (CHa), 2858 (CHy), 2159 (C=C),1664 (C=C, C=N), 1054 (B-F).

2-(4-ethynylphenyl)-9-hexylbenzo[ 1,2]quinolizino|3,4,5,6-def]phenanthridinium
tetrafluoroborate (ethynyl-CsFEP)

BAAEREL TR 77% (89 mg, 0.15 mmol) Tf57-, 'TH NMR (400 MHz, DMSO-ds): é/ppm
9.68 (s, 2H), 9.36 (s, 2H), 9.01 (d, /= 12.3 Hz, 4H), 8.53 (d, /= 7.8 Hz, 2H), 8.10 (d, J= 6.9 Hz, 2H),
7.97 (d, J= 8.2 Hz, 4H), 4.57 (s, 1H), 3.08 (s, 2H), 1.87 (s, 2H), 1.44-1.32 (m, 6H), 0.89 (t, J= 6.9
Hz, 3H). C NMR (101 MHz, DMSO-ds): é/ppm 147.2, 142.3, 133.8, 132.4, 131.0, 130.4, 128.7,
127.4,126.3, 124.5, 124.0, 123.8, 123.6, 118.0, 115.0, 110.6, 35.2, 31.1, 31.0, 28.5, 22.1, 14.0. ESI-
MS m/z: caled. for C37H30N: 488.24; found: 288.24 [M-BF4 ]*. FT-IR (ATR): v (cm™") = 3540 (=C-H),
2922 (CH>), 2853 (CH>), 2159 (C=C),1631 (C=C, C=N), 1054 (B-F).
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9-dodecyl-2-(4-((trimethylsilyl)ethynyl)phenyl)benzo| 1,2]quinolizino[3,4,5,6-
deflphenanthridinium tetrafluoroborate (TMSethynyl-C.,FEP)

B ERE L TILER 99% (267 mg, 0.36 mmol) THF7-, 'H NMR (400 MHz, DMSO-ds): 5/ppm
9.71 (s, 2H), 9.39 (d, J = 8.2 Hz, 2H), 9.04 (t, J = 7.5 Hz, 4H), 8.61 (d, J = 8.7 Hz, 2H), 8.12 (t, J=
7.5 Hz, 2H), 7.99 (t, J= 7.5 Hz, 2H), 7.82 (d, J= 8.7 Hz, 2H), 3.09 (t, J = 7.8 Hz, 2H), 1.39-1.20 (br,
18H), 0.92 (s, 2H), 0.82 (t, J = 6.9 Hz, 3H), 0.30 (s, 9H). '3C NMR (101 MHz, DMSO-d): d/ppm
147.1, 145.0, 142.2, 134.0, 133.8, 133.2, 132.5, 132.4, 130.9, 130.4, 129.1, 128.6, 127.4, 126.2, 125.9,
124.4,123.9, 123.8, 123.6, 117.9, 37.4, 35.1, 34.4, 31.3, 31.0, 29.0, 28.9, 28.7, 22.1, 21.4, 13.9, -0.1.
ESI-MS m/z: caled. for C46HsoNSi: 644.37; found: 644.38 [M-BF47]*. FT-IR (ATR): v (cm™") = 2925
(CHz), 2854 (CHy), 2159 (C=C),1631 (C=C, C=N), 1054 (B-F).

2-(4-ethynylphenyl)-9-dodecylbenzo[ 1,2 |quinolizino[ 3,4,5,6-def]phenanthridinium
tetrafluoroborate (ethynyl-C,FEP)

A EREL T 74% (92 mg, 0.19 mmol) CTf%7=, '"HNMR (400 MHz, DMSO-ds): 5/ppm9.66
(s, 2H), 9.34 (d, J = 8.2 Hz, 2H), 8.97 (d, J = 11.0 Hz, 4H), 8.58 (d, /= 8.2 Hz, 2H), 8.08 (t, /= 7.8
Hz, 2H), 7.97-7.94 (m, 2H), 7.83 (d, J = 8.2 Hz, 2H), 4.55 (s, 1H), 3.05 (t, /= 7.5 Hz, 2H), 1.85 (t, J
= 7.3 Hz, 2H), 1.39-1.20 (br, 18H), 0.82 (t, J = 6.6 Hz, 3H). 3C NMR (101 MHz, DMSO-d): 6/ppm
145.0,142.3,133.8, 132.6, 130.4, 129.2, 128.8, 127.4, 124.5, 124.0, 123.9, 123.7, 123.6, 118.1, 116.9,
112.4,31.3,31.0, 29.0,28.9,28.7, 22.1, 13.9. ESI-MS nv/z: calcd. for C43H42N: 572.33; found: 572.33
[M-BF4]". FT-IR (ATR): v (cm!) = 3431 (=C-H), 2926 (CHa), 2854 (CH2),2159 (C=C),1631 (C=C,
C=N), 1054 (B-F).

9-octadecyl-2-(4-((trimethylsilyl)ethynyl)phenyl)benzol[ 1,2]quinolizino[3,4,5,6-
deflphenanthridinium tetrafluoroborate (TMSethynyl-CsFEP)

20% D i {3 (AR A G o FLEA [ (A L LTI 33% (99 mg, 0.12 mmol) T757=, '"HNMR (400 MHz,
DMSO-de): 6/ppm 9.75 (s, 2H), 9.43 (d, J = 8.2 Hz, 2H), 9.08 (t, J = 8.9 Hz, 4H), 8.63 (d, /= 8.7 Hz,
2H), 8.14 (t, J = 7.8 Hz, 2H), 8.01 (t, J= 7.8 Hz, 2H), 7.82 (d, J= 8.7 Hz, 2H), 4.53-4.55 (0.2H), 3.14-
3.11 (m, 2H), 1.91-1.88 (m, 2H), 1.24 (br, 30H), 1.03-0.99 (m, 3H), 0.30 (s, 7H). *C NMR (101 MHz,
DMSO-ds): o/ppm 145.0, 142.4, 134.2, 133.8, 132.5, 132.5, 131.0, 130.4, 129.2, 128.8, 127.4, 124.6,
124.1,123.9,123.7,118.0, 103.2, 31.3, 31.0, 29.0, 28.8, 28.7, 22.1, 14.0, -0.1. ESI-MS m/z: calcd. for
Cs:HeaNSi: 728.46; found: 728.47 [M-BFs]*. FT-IR (ATR): v (cm™") = 2924 (CH>), 2853 (CHa), 2159
(C=C),1632 (C=C, C=N), 1054 (B-F).
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2-(4-ethynylphenyl)-9-octadecylbenzo[ 1,2]quinolizino[ 3,4,5,6-def]phenanthridinium
tetrafluoroborate (ethynyl-CsFEP)

B ERELTILER 70% (52 mg, 0.07 mmol) TF7=, 'H NMR (400 MHz, DMSO-ds): é/ppm
9.69 (s, 2H), 9.36 (d, J = 8.7 Hz, 2H), 9.02-8.99 (m, 4H), 8.59 (d, J= 8.2 Hz, 2H), 8.10 (t, /= 7.8 Hz,
2H), 7.97 (t,J= 7.8 Hz, 2H), 7.84 (d, J= 8.2 Hz, 2H), 4.55 (s, 1H), 3.07 (t, /= 7.5 Hz, 2H), 1.43-1.18
(m, 32H), 0.82 (t, J= 6.9 Hz, 3H). 3*C NMR (101 MHz, DMSO-ds): 6/ppm 142.4, 142.3, 134.3, 133.8,
132.6, 130.4, 129.2, 128.8, 127.5, 126.4, 124.9, 124.6, 124.1, 123.9, 123.7, 118.2, 114.5, 31.3, 31.0,
29.0, 28.8, 28.7, 22.1, 13.9. ESI-MS m/z: calcd. for C49Hs4N: 656.43; found: 656.43 [M-BF47]". FT-
IR (ATR): v (cm™!) = 3431 (=C-H), 2923 (CHz), 2852 (CH,),2159 (C=C),1601 (C=C, C=N), 1054 (B-
F).

4-3-4. {7 /L% /L polymethacrylate ~X—ARY~— (azide,-BMAn) DAL
12-azido-1-dodecanol
(0% P AR & LTI ER 89% (2.40 g, 10.5 mmol) T757=, 'H NMR (400 MHz, chloroform-d):
d/ppm 3.61 (t, J = 6.6 Hz, 2H), 3.24 (t, J= 7.1 Hz, 2H), 1.61-1.51 (m, 4H), 1.26 (br, 16H). 3*C NMR
(101 MHz, chloroform-d): d/ppm 62.9, 51.4, 32.7, 29.5, 29.4, 29.4, 29.1, 28.8, 26.6, 25.7. ESI-MS
m/z: calcd. for C12H25N30Na: 250.19; found: 250.19 [M+Na]*. FT-IR (ATR): v (cm™) = 3366 (O-H),
2928 (CH>), 2855 (CH>), 2097 (-N3).

12-azido-1-dodecanoylmethacrylate
(A H P AR & LTI =R 68% 748 mg, 2.53 mmol) T4F72, 'H NMR (400 MHz, chloroform-d):
o/ppm 6.10 (s, 1H), 5.55 (s, 1H), 4.16-4.12 (m, 2H), 3.26 (t, J = 6.6 Hz, 2H), 1.95 (s, 3H), 1.61 (m,
6H), 1.28 (m, 14H). *C NMR (101 MHz, chloroform-d): é/ppm 167.5, 136.5, 125.0, 64.7, 51.4,29.4,
28.5,26.6,24.8, 18.3. ESI-MS m/z: calcd. for C16H29N30:Na: 318.21; found: 318.21 [M+Na]*. FT-IR
(ATR): v (cm™") = 2930 (CH>), 2856 (CH>), 2097 (-N3), 1720 (C=0).

Poly(12-azido-1-dodecanoylmethacrylate-co-n-butylmethacrylate) (azide,-BMA)

H @ fE AL LT azides-BMAys, azideio-BMAg 335N azider-BMAgy 1ZZEHULER 72, 50
BN 54% TH7-, GPC LUK 7= azides-BMAys. azideo-BMAogy 38 LT azidesp-BMAgy DAY
AT LV FEHEDOEOTY )y 18 M, 1T EZ L 2.0x105, 1.5%10° LY 1.9x10° g mol! THY, 43
'L 2.0, 1.3 BEO2.3 TH-7-, FT-IR (ATR): v (cm!) = 2959 (CH3), 2935 (CH,), 2874
(CH3), 2092 (-N3), 1727 (C=0).
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4-3-5. ZV0 I RIS EDRET NI N EL B AL TBRIBILRE V=0 AR~ — (CFEP10-
BMAg) DERR

Figure 4-7 | CFEP19-BMAgo ® DMSO & D 60 °CIZF1F5 TH NMR A~/ ML Z&Rd, W
ORI~ —HIEMERZE LELS, DT NIFERFL QD E/ v —E—IRERISIL, RV~ —H
kDT a—RRpE— 2 HEE AL BINEN D> T-, 2T FEP & alkylmethacrylate ORIEE DB
FOVEDS 20 | 22y FRIF AAERANEL T LB 2 b5, £2TC 3 BERERICHT Y
H—T =A DBF & ERET HIETFEP OE AR H 7= (Figure 4-8), Table 4-2Z CFEP,-
BMAR DUILH | 1F NMR 7OHER L7 FEP OE AR B IO D IEC 2757, Co, Co, Cr2 8
L C1sFEP 1-BMAg DE AT ZINZ I 9.8%, 10.1%, 8.3%IF LT 7.0% THY, HEiaE &I
FEP L= N A\ CET-ZEDVRENTZ,

@ = ()
= 2
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=
EES| [T ;_..Jl‘ ‘J “..
£a] 29
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Figure 4-7. '"H NMR spectra (400 MHz, DMSO-ds, 60 °C) of the (a) CoFEP10-BMAu, (b) CsFEPo-
BMA90, (C) C]zFEP]o—BMAgO and (d) C]gFEP]o—BMA90.
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Figure 4-8. 1°F NMR spectra (376 MHz, DMSO-ds, 60 °C) of the (a) CoFEP10-BMAgo, (b) C¢FEP0-
BMAygy, (c) Ci2FEP10-BMAgy and (d) CisFEP1o-BMAgy containing 3.1 mM ammonium
hexafluorophosphate.

Table 4-2. Yields, FEP content and theoretical IEC of CxFEP10-BMAg
CxFEP10-BMAg Yield /% FEP contentl /mol% IEC{/ mmol g

CoFEP10-BMAg 65 9.8 0.49
CeFEP10-BMAg 30 10.1 0.48
C12FEP10-BMAg 41 8.3 0.40
C12FEP18-BMAg 45 7.0 0.34

[a] Determined by *°F NMR

BFHNTZR)~— OB AN Z FHE 272512 TGA HIEE{T-7- (Figure 4-9), ~<— ARV
~—® azide1o-BMAy (Figure 4-9a) &[FEED 260 °C CEHH# H KD 433 LT 500 °C £13T
(2 2 Bt H 0 FEP O 4 fif IR B S DB &b 2MBLHIS 4L (Figure 4-9b), FEP D3 AN /RIZE
iz,
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F igure 4-9. TGA curves of (a) aZidem—BMAgo and (b) CoFEP 10-BMA90 (black), CgFEP 10-BMA90
(green), C12FEP10-BM Ay (orange) and Ci1sFEP10-BM Ay (purple) measured at a heating rate of 20 °C

min!.

4-3-6. TVXNEEH T OMBRALREY V=0 ARY~—DEREM

CxFEP10-BMAgg IZ NMP |[ZVEfEL | T v AMEIZ IV 6 TRk A LA SO T
(Figure 4-10), LU7223BEMREDF BAEMDZE LIRS T T AHARRCAT b A HAR T e
FAZLIINEETHY . v AR ITT 7 BRSNS,

(a) Co

Figure 4-10. Images Of the (a) CoFEP]o—BMA90, (b) CﬁFEPm—BMAgo, (C) C]zFEP]o—BMAgo and (d)
C13FEP10-BMAyy.

Figure 4-11 |[Z/35U7 B0 FT-IR A7 ML AT, ~_—2ZRY~—0 C=0 (1728 cm™!), FEP =
= b o EHIZHYS 95 C=C B3I C=N (1630 cm’!) \ hy ¥ —T=4>® BFs~ (1054 cnr
N MNTRCOPBETHERISN T, SHIZREIGD N=N D 2096 cm! OB —7H o F 2B
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Figure 4-11. FT-IR spectra of CoFEP10-BMAyo (black), CsFEP10-BMAy (green), C12FEP19-BM Ao
(orange), C1sFEP10-BMAg (purple) in the range of (a) 600 — 2500 cm™! and (b) 2800 — 3000 cm'. Red
triangles indicate the peak from FEP.

L7235, DSC IZBWTIRY~—DO S RIRE ThD 250 °CLL R TO T /LR /LD EERHEIC
YT o8 — 713872757 (Figure 4-12), Co, Co, Cio BN Cis iV TIL R 41 84
DT AEEREIFA Y T DR_R—ATA L DL TRINFIEI 44, 46, 43 BILON45 °C IZBISHT-,

EXO-] G oy e —— )r,
ST N
8 |(c) N
2
2 |(b) C6 —

g
T |(a) CO

0 100 200
Temperature / °C

Figure 4-12. 1st COOlil’lg DSC curves (10 °C min'l) of CoFEP]o—BMA90 (black), CéFEP]o—BMA%
(green), C12FEP1o-BMAyo (orange), Ci1sFEP10-BMAgy (purple).
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XRD /3% —2JY (Figure 4-13), 3 CTOREIZIBT 185 UL 27 E/N T 7 AR KD/ a—
— 7 DM EIT, 16 BFIZ C1oFEP10-BMAg T2 26 2 MG d = 3.4 A ITAHY 958 —7
DM EFL, B C FEP 23 n A XL 7 L CNDAIEIIRIBENTZ,

C18

M

10 15 20 25 30 35 40 45 50
26 /degree
Figure 4-13. XRD patterns of CoFEPlo—BMA% (black), C(,FEPlo—BMA% (green), C]zFEP]o—BMA%
(orange) and CisFEP10-BM Ay (purple).

Intensity (a.u.)

Figure 4-14 33X 0" Figure 4-15 (231151255 SAXS BB L OWEL S F— %R T, Co BI W
C6FEP0-BMA o i CIE ALY — 7138 S 72D o T2, — 5, Cio BN C1sFEP 10-BMAg 233
WTC, ENZELq=1.5BLU 1.4 nm' 12 d =3.9 nm LN 4.2 nm (T Y T HHEELE — 27 2381
iz, ZAUT FEP OEFERD D250 T AL — T2 X HHELE IR B SIS,

©0) (©6
o B
Ci2

Figure 4-14. SAXS images of CoFEP10-BMAy (black), CcFEP10-BMAgg (green), Ci2FEP190-BMAg
(orange) and CisFEP1o-BMAy (purple).

93



=
L ®C18
=
L °
o
S
o C6
fe)
CO

0.10 -

Figure 4-15. SAXS patterns of CoFEP10-BMAyg (black), C6FEP10-BMAgo (green), C12FEP10-BMAgo
(orange) and CisFEP10-BM Ay (purple).

4-3-7. TARNVEEH THIMBRBILRELY = ARV~ —DAF AREML T VAV R ENE

TES4L 7= C\FEP10-BMAg EEDE 7K Z (WU), IZM = (SR). Mohr £k 72 IEC (IEC.) ¥
FOUKFE (V) % Table 4-3 IR 3, WILE 3 BEOIHIZMKY IEC LT FEP OBKMENG
WU [F 20%LL FT&HY, SR 1T 4%LL Fe7eoTz, WU LY IECe 753K 872 CoFEP10-BMAg,
C6FEP10-BMAgo. C12FEP1-BMAgy 335 T8 CisFEP10-BMAg D A (ZZTHZFH 13, 8,26 BLN 16
ThH-oT=,

Table 4-3. C.FEP10-BMAyo values of WU (in water at 25 °C), A, SR and experimental IEC
CxFEP,-BMAR WU/% SR/% IEC& /mmolg? A

CoFEP10-BMAg 11.6+18 4.0+3.4 0.48+0.02 13
CeFEP10-BMAg 6.0+x13 34+21 040%0.04 8

C2FEP10-BMAg 19.6+23 26+25 041+001 26
CoFEP1s-BMAg 11.0+33 27+14 0.38+0.02 16

[a] Measured by Mohr titration

IR B X OB E S fI e/ B HE 7 — LT v N—NT 4 S FEMEICES T, 1-10 MHz
DR TALE —=Z L ARNEZATV KBACIA T AREE AR DT, TiRD AEM BLIW
CxFEP9-BMA 1o DIEJE 5[] DA A AR EFE DOIRE {71 % Figure 4-16 (a)lZ/~ 3, 80 °ClZH0 >
T. CoFEP10-BMAgy, CeFEP15-BMAgo, C12FEP10-BMAgo. CisFEP10-BMAg 3L UMD AEM D
EEIIZFNEH 61.2 (£18.0) mS em™? | 33.3 (£3.3) mS ecm™! | 143.3 (£27.3) mS cm?! | 86.5
(£0.3) mS em! FBET*20.0 (+2.2) mS ecm! Z7RL72, CkFEP19-BMAg JEDKW Y IEC (2673305
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P T RTCOEDA A AREFE TR D AEM L0 &<, FEP OIEEROIE/EIIZELS OH &
FEP DRV EAERNSA A L BEINE N @L< 72 o T2 2 EDRENTZ, SOICAA ARG E LT V%
WEHE DR BEE REZT, E£REMEE RS20 572 CoFEP10-BMAgy 3518 CeFEP 10-BMAy (2L
NTHEFEMARUTZ C1FEP10-BMAgg 3 L TN CisFEP 10-BMAgo I3 FEF T mWA A AR 2 7R L
FRZ n A% 7 BBLUAIS I C1oFEP10-BMAg 1 100 mS em! 288 %, 431 [IFH AAE LD
ERBIZL o TAA ARERAETERL . A4 BENE DA BIZE o TREMER W ELIZZEMRS
iz,

—
o
o

lon conductivity / mS cm ™

-
o

40 50 60 70 80 90
Temperature / °C

Figure 4-16. Temperature dependences of the ion conductivities of CoFEP10-BM Ay (black), C¢FEP1o-
BMAy (green), Ci2FEP10-BM Ay (orange) and C1sFEP19-BM Aoy (purple) and the commercial AEM
(dotted black line).

L ED#ER LD CFEP10-BMAg D) /11T Figure 4-17 DI/ T EHZ 2 HILD,
SAXS HITE LD, CoFEP1;-BMAy (Figure 4-17a) 35J. 08 C¢FEP1p-BMAy (Figure 4-17b) Tl FEP
D HLL TUDH— 5T, Ci2 FEP1g-BMAy (Figure 4-17¢) 353 T8 C1sFEP1-BMAy (Figure 4-17d)
TIXZENZI FEP 8 3.9 BLU 4.2 nm DI TAX—IRLL T D, K2 C1oFEP1--BMAg Tli,
XRD JVEFEIL 1 AF XU TICEAHERE L TR, A= 26 THHIENDLZDOERMIKNZL DK
NTEEELTNDLEEZD,

IFAL—AUUT AT BTN L DK ERIN T DL MG S TRY, 2 hF A4 BR L a5kE
DLZETEDKRFFEMNERY | KA L OHEfNREIRDZEDRIBIINTND, B DX, H
JEWZ n AZyFx 7 LT CioFEP DU TAZ — 3G K EARMEL | KR LT A A ARE S AT RS I
HZET, @A NG AR EE R BIND, FEBR, CFEP10-BMAg D 1 AZ 3 L 7 | X R
FYAMETOMBGREEZ 80 °C/D 120 °CEL, JlE T CHEA RIRIZRET5ZL T, XRD OF
—JVHGIESEDHTENTE (Figure 4-18), ZDED WU £ 8.6%, A 13 11 L7poT, {E>Trn A%
XN BERIRIEN L O] L, 3700 bKITAZ—ERICEE THDHZ -T2,

CisFEP10-BMAgg 235U NT, C1oFEP10-BMAg ISR A A AR L7257 Z 21T, XRD
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PN TTRIESIVAEINZ FEP DAZ X U T RHHIE TP TE, ZhUL FEP 07 L% 1
PHOEAN KRR THDHIZDLHE ZHID, C1sFEP10-BMAg FIZ, v AN IZIIT 5580 7 L%
AHD Ry 73 FEP WD 1 2% 0% 7% HEL TLESTEY, CFEP10-BMAg D LI
TN D Ny 7 & FEP MO n-n #HAAE A O RN EE CTHL LRl T Hivd,

(a) ~ (b)
- 7 \ 1
y, A
s o
4 | 3 o Ny
\\.r
— N / \f
RSN
7 |
/ ) 148 I 3
$os AN
N \ e~ Ty
- 7 T <

&
Wz &=
-d(-}3 1o nm-:'> ﬁi& nmI:>

//r’/é“/ f}jjjﬁ

v~ CFEP - Water

Figure 4-17. Schematic illustration of distributing dispersively or assembling structures by
intermolecular forces of (a) CoFEP]o—BMAgo, (b) CﬁFEPm—BMAgo, (C) C]zFEP]o—BMAgo and (d)
C13FEP0-BM Aoy.

120 °C cast
under vacuum

Intensity (a.u.)

10 15 20 25 30 35 40 45 50
26 /degree

Figure 4-18. XRD patterns of C12FEP10-BMAgy membranes prepared at 80 °C (orange) and 120 °C

under vacuum (red).
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Nafion®72 LD PEM 72 L1280\ T, ZOIHRAF L I TAS— XD L~ TIT AL — D3
ML, 7722 —[M@EBH KT HEMESINTND, ¥ ZZTINLOMEE: CHIAA AL, FK
SHTOBHHEE SAXS HIFELT: (Figure 4-19), WO —278 2 7 MNIBIHIS T, PEM (28
WTBIHIEND A A 7T 28 — DM % FEP DT AZ—ORIEVENRLEL TWAZENDH -

7‘»’ 17,18
—o

log Intensity (a.u.)

0.10 , 1.0
q/nm

(c)C12

s s

2 E; = F;

& =

c 1.0 15 2.0 25 c

g q/nm?’ _'G._‘)

£ £

8 54

0.10 10 0.10 L 1.0
q/nm g/nm

Figure 4-19. SAXS patterns of dry (solid lines) and swelled CI- form (dotted lines) (a) CoFEP1o-
BMAyo, (b) CéFEP]()—BMAgo, (C) C12FEP10-BM Ay and (d) C1sFEP10-BM Ay membranes.

THVLZENET FEP N7 T7AX—JE LT C1aFEP19-BMAgy I KOV BUIRAED CoFEP (-
BMAg 554 80 °C @ 1 M KEE(LH VT LIOKEHRIZ 500 RfEl 3R 322 & CRMiiL 7z, 7V )%
EMEFEHRE . W T NBIEOIRITHEEF ST (Figure 4-20), 2SO A A U ARE L CoFEP -
BMAy {23V T 32.0 mS ecm!, C1oFEP1o-BMAg Tl 47.2 mS cm™! (80 °C) &72Y, Z4LE 41 48%
BIO6T%IZEEIME N L7 (Figure 4-21),
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(b) C12

Figure 4-20. Images of the (a) CoFEP0-BMAg and (b) C12FEP10-BM Ay after alkaline stability test.

100 1 Before

lon conductivity / mS cm ™"

-
o
Ll

40 50 60 70 80 90
Temperature / °C

Figure 4-21. Temperature dependence of the ion conductivity of CoFEP10-BMAgy (black) and
C12FEP10-BM Ay (orange) before (solid) and after (dotted line) alkaline stability testing.

XRD HITE LD, 7BV 22 EME R AT ClE C1oFEP10-BMAgg @ FEP [ D AKX w37 H 3k D 26°
DOE =T PRSIV TUZDS, TAAV L E RN TIEZoE —273 8IS 3 FEP OEFRE
ERFRILTWDZEN DA >T- (Figure 4-22), FT-IR A7k, Co & Cip DWTHEDL 1650
cm! @ FEP (C=C BXV C=N) IZ#BEINDHE—70N L, 3 BEEFREIZOAEL TWAIENUR
BX47= (Figure 4-23), fit>C, FEP O fRELEHITAZ %2 7 1 D A Lo TIRENE N K
LT ENDoT,
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Intensity (a.u.)

10 15 20 25 30 35 40 45 50
2 0 /degree

Figure 4-22. XRD patterns of C12FEP10-BMAyg before (solid) and after (dotted line) stability testing.

(a) (b)
3 }
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Figure 4-23. FT-IR (ATR) spectra of (a) CoFEP10-BMAgg and (b) C12FEP10-BMAgg before (solid) and
after (dotted line) stability testing.

FEP D3 iR AT = XA LDERZRD T3 | B # LA LTV 720 non-FEP % 18-crown-6-ether F:17
. 1.0 M NaOD DMSO-ds/D20 #&ifZ 1T 80 °CT 3 FEINZAL 7=, Figure 4-24a D 1512 9.3 ppm
D C-1 fEDT B PR, mRESHANCE — 7 DS ET7 BRI S 4172, 24T FEP =% OH ™
DREBEIZL > THRTHZEERBRLTEY, JUSAT =X LEU IR 528 THF
A AER I, eV T keto-enol AL EMEL TDHEE X HILD (Figure 4-24b), 2° 5 H AT
FATIEEM DO IEHIEAIZE ST OH DM AAEH DR T3 2@tz m L3825 —75 Fmbk
DENZENDN RN Z LR EMZ RLT2 | B 722 [ B AR/ S QRN R
T F A FEIL— I ammonium SR D AT AL FREVG ZE N Z LINESIL TS, 26 KFFED
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FEP TIIERATEAUT E, FEP [l L3 BE 925 2 & TILIRIE D 1S TEDHT L2 HIFFL T
7223, AEM HIZEBWTH H R B EMZ R T2l o7, ZOJRIREL T, 7 AR L
EOT AV KR TOREMERTM ChH o778, ERIRIEAHERF C& 20 o7 b LT ER
7217 iﬁﬁ'ﬁ&@%ﬁ 4 TR AR Z > TLESTWNDEE Z BID, LTZ-> T, %
EVEN EOT=DITIIAR— AR~ — OB L E MR b FIAHMBOSZ I 355572 FEP @
*%:EEMK@JMK %&%ﬁﬂéﬁé%%ﬁ%éo BRI R 2212 SNk E= 23R,

@ L kA
_,JLJMMUM

10.0

6/ppm

e

Figure 4-24. (a) "H NMR spectra of FEP before (bottom) and after (above) the stability test and (b)

predicted FEP degradation mechanisms.
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4-3-8. CLFEP BABEEZ ILMRILRE V=V LR)~— (CFEP-BMA,) D& KBE
[OX 7/}

CuAAC (255> T C;oFEP % azides-BMAos 33 LT azidey-BMAgo (235 AL, C1oFEP % 5 mol%33
LV 20 mol% & TeiRY ~—ZFHHLL 7=, Table 4-4 |Z C12FEP-BMAR DI | F NMR 7/HHEHE L
7= FEP O A H5G o IEC, WU, SR, Mohr #£35K 872 IEC 31N A 2759, C1oFEPs-
BMAys., C12FEP10-BMAg 33T C1oFEP2-BMAgy D AR T ZIE I 5.7%. 8.3%FB LT 22.3%
ThHY, EEMIZ FEP 2=y M A CETZZEN RS, EBIT C1oFEP2-BMAg 330 T
PR TBC THHIEND, 3.1%EFH LKV SR Z/rL, ARSI D &0 25,
TGA HITE LY, 260 °C TESHEHEH KD /IS LN 500 °C FHITIC 2 BefE H O FEP O3 R it
BENAE RO DNBLISNT- (Figure 4-25), 20O TGA #hifE) 5Ht, FEP OEARNEFH TS
500 °C TOE &RV ZNEEIML , FEP 2 E EIZE AN TEXTCNDIEERIRL TVD,

Table 4-4. Yields, FEP content, theoretical IEC, WU (in water at 25 °C), A, SR and experimental IEC
of C1oFEP,-BMA,

FEP content IECy[ IEC,!

C12FEP,-BMA Yield /% /mol%(@ / mmol g*l WU /% SR /% / mmol 971 A
3.9 1.7 0.29
CuoFEPs-BMAgs 57 5.7 032 J07 +11 =+o001 !
19.6 2.6 0.41
CLFEP-BMAg 41 8.3 040 153 s25 +001 26
P BMAL 75 223 07 168 31 061

+43 05 +0.03

[a] Determined by °F NMR [b] Measured by Mobhr titration

100

80

60

TG/ %

40

20

0 200 400 600 800
Temperature / °C

Figure 4-25. TGA curves of Ci2FEPs-BMAys (green), C12FEP19-BMAgy (orange) and Ci2FEP2o-
BMAg (purple) measured at a heating rate of 20 °C min™.
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WFALD CoFEP 3 AEIZIBNTH , NMP IR DI IS¢ ANEICEY | ikt ta B B
Bo7- (Figure 4-26),

(a)5 mol% (b) 10 mol% (c) 20 mol%

iy

Figure 4-26. Images of the (a) C12FEPs-BMAuys, (b) C12FEP 10-BMAgg, and (¢) C12FEP2-BMAsy.

C12FEP A BN HIZ D4, FT-IR AT MUZEITS 1728 cm! (C=0) O —21Z%89%
1650 cm! (C=C F3BLN C=N) OB —I0H K L7z, £7= CioFEP D& A EAMENINTHIE T, 2959
cm! DAR—ZRY~—0 CH, DIERIFRHHEIRENZ b~ KO A D CFEP OB —7A3H %t
AIIZIR<Z2D | 2931 cm™! @ CH, O FEXFMHHEIREN DO — 77 & 1T red-shift L7z (Figure 4-27),

(a) (b)
v : Vas (CHZ): : Vs (CHZ)
~ [20mo1%  ||¥ | .
E- y v 20 mol%
[(b]
(&7
&
(o]
3 | 5 mol%
< |Azide,-BMA,; 1 ~
I Vas (CH3) . Vs (CHS)jAzides_BMAgs
2500 2000 1500 1000 3000 2900 . 2800
Wavenumber / cm™ Wavenumber / cm”

Figure 4-27. (a) Wide range of FT-IR spectra, (b) narrow range of FT-IR with ATR apperatus of
AZides—BMA95 (black), C]zFEPs—BMAgs (green), C]zFEP]o—BMA90 (orange) and C]zFEon—BMAgo
(purple).

XRD JFELD . FEP OE A ZLOHANNZAEY 26 °D FEP D AZ XL 70 BmESNAL — 7 /31

KLU7= (Figure 4-28), [Fl£IZ SAXS HIE IRV TH, 5 mol%<° 10 mol%|iZ H~T 20 mol%? 1.5
nm! OB — 73TV L7272 (Figure 4-29),
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L ]
\K 20 mol%

10 mol%

Intensity (a.u.)
°

5 mol%

10 15 20 25 30 35 40 45 50
26 /degree
Figure 4-28. XRD patterns of C12FEPs-BMAys (green), Ci2FEP19-BMAygg (orange) and Ci2FEP2o-
BMAgo (purple).

(a) (b)
B mel%

o —~

g 20 mol%

g °

10 mol% mel% FC_’. HOT
=
o '

010 10
q/nm

Figure 4-29. (a) SAXS images, (b) SAXS patterns of C2FEPs-BMAys (green), C12FEP0-BMAgo
(orange) and C12FEP20-BMAg (purple).

Figure 4-30 (2 C,FEP D A SR 5727 C1aFEP,-BMA IR0 A A AR DR A7 VE AR
¥ FEP OE A &N DI ONTAA UASEET B, 80 °C 128\ T 5, 10, 20 mol% T
ZIFI 48.6 (£0.04), 143.3 (£27.3) BLN175.4 (£24.5) mS cm! DIENEDIZ, 1 AZ V¥
7 BBIIES VIR T2 5% D 1 A xR 7 DSBSV 10%~DARE DO R E72 8 N1%, FEP
DARF L T INEETHHZEEHMEITRL TS, — 7, 10%035 20%~DAEE ORI, A
FOLEFREME N EE CHHI LA R LTZ, C12FEP20-BMAg @ IEC 73 0.61 mmol g THY, 1 mol g'!
PAFT 150 mS em PA B4R 9 AEM OEFNIIROILTHY . SebAA AREE D mVEEHT
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Figure 4-30. Temperature dependences of the ion conductivities of Ci;2FEPs-BMAys (green),
C] 2FEP10—BMA90 (orange) and C]zFEon—BMAgo (purple).

4-4. 4 EDFELD

RETIE, TNV EEEE AL FEP 28 KL, TD 50BN SERREIC W THIBL
oo TIVFRIVEHDEL Y FEP (Co B8L T Cg) Tl FEP DAKyF 7N IEHTHY, — 7 L%
JVEHDEV FEP (Cra BE TN Cig) Tl 7L /LEHD van der Waals /1 EDOFH RN R LD ERE S
[/ g BNV RV S/ RN el

HEWNT, ZOT VX VAT 5 FEP 2 ethynyl JE48E AL, 7LF )V AR—V—Z 055 1
DOHIEHIZ CuAAC (ZE->TRIERLTZ, TV VEHED Co BLW Cs DA, TSV B X
O FEP A EAEHIZBLRIS T, 7T AX —ICHR T A ELITBLIIS e o T, 2B
T A VIS, EBROIEHECIC I DA A ARGV D S SNBSS TRENT, — 7, b T
FLEHD R Cig TIL, FEP RO ALy F o ZI3BLAISI R T2b DD | T LT VD D73y
XN FVITAS— TR L A BEOAA AZEE )R M) E LTz, S5IZ Crp Tl FEP DA%
VX LT ET RO X 7 DR RN LS T TAZ—TER L. KOHERSIE RS HINT5
ZLETAA L OBOENEESI, 143.3 (27.3) mS ecm! EF LB WA A AR EMEEZ R LT,

LinL72i36, Co BEW Cra DT NIV EMERATIC LD ARG T ENE N 48% I LT 67%13
DU, FEP =y D53 iRk LOERIRAED HAEEAVRIZ S 4L, FEP HURD L EMERHMIZ L > Tor
PR DN E ST

EHIZ CoFEP O ARE T ZE TAA ARG HRITIINL | 5%7°5 10%~DI5HED KE72
WL, FEP DOARZ X 7 PNEETHHZEZHMEIRL TS, —H . 10%0°5 20% ~DIRE
FEDOHNE, v KOLEMEENEE THDHIE%27R LT, CioFEP-BMAg 1% 0.72 mmol g &KW
IEC THDHIEND SR 75 3.1%EMAHA IS, 1 mmol g! LU F DKW [EC Dy TIEEELL &
WA ARENE 175.4 (+24.5) mS em! 2R L7Z,
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E5E HE

5-1. AHFFROF R

HIEKER BE I E D FRIR O T=DITIFK B A2 RELT DU ENH D, KBS O FEBUZ AT,
il 2 DETO TR 2SI TERY | BIFE DO —FETHD AEM & L0 @ WA AREE LR EMED
A ERARA R ESITND, AREAF L ThHD OH ORBENENZ L, ZER D bR EDW
I > TRAREME D SRR A A (BIRBEAA ) 2L, SO REMEME T 45720, £
ENTWSPEM L BIZE WA AREE N RD SN TND, ZOAF AREE IA A PREEAA
URBENE ORI AL, ZNHD/RTA =SR] LS DI ETIEEE N SN TE, /4B
AN S RAVRERIS S LT A OB A&, 700D IEC NS E 52 LI E R
DY THI TNV, R K LD BEDRZE &\ o 7 A Z R 3 2 LB D B o T,

AEM DAF U AREDORBEEL T, — RN HT A FEL THVWGILS ammonium 14 & OH
T OfRBEEE OIS B, BT AL FRO IE B OIERIEMEIC LS TN AT HZENTED, S
DICAF BN I IAA L FROEFEEIZ LT 95280 TE, ma O SEES I T4 5
Rl LOHEER-E, D AEERICE S TAA v REERET AL TAA U ORBBENE N KT,

ZZCARMFIETIL, [EC NS E T A4 REEBE EA RIRIC W LS 87-727 7n—
FLUT, EBMDBIERIELL, D25 TR EAERIC K> THEET O T A FThD FEP %
WD TE D FIE AL AEM Zi%aHL7T=,

5-2. AWFFEDRLFE

2 FETIE, EBROAEERGE TD-DFT FHAE O RS, JHEER KGN TREZR FEP HiBRIA%
TD-DFT 50D TFRIATRETHHIEE LN LIz, EHIZ DFT #HH LY, HSAB HICBITHH
FALFEORLDOLNIE R L, IEEMOIE[IELIZLS FEP & OH™ O AA/EH DS REL

= 1,2

3 BT, Stille By V72D, vinyl FEFB LN ethynyl 352495 FEP 25K LTZ, EHIZT
CIVEARICLDEHEAERB LD CUAAC IZEB % ERTEICE>T, Mo FRIEHIC FEP 241
% AEM ZAI CTYERLL . FEP O LA 72MIE 2k T4 L FROE N IRER S L E LN L0300
STz, BAEEEIZ IS TE R LTz poly-FEP o 1% IEC = 0.77 mmol g KU [EC (IZH 30 b 5T,
123.4 (x13.3) mS cm™! EF L EVMREEAIRL, 1.0 mmol g' LLF D AEM D722y Tl il
HHEIC D — R F A A TH D ammonium A AN~ T FEP & OH™ D55\ VFE A {E
IZ&>T OH DfFBEEEDE L@, EDEWAT VIR EEAT BB E RS @A A A 8L
TebLcsE i bz, 12

4 BT, B/~ KRBT VX VA SO FEP OfERMEZFHMEL ., 7 /L% LEAE FEP T
I% FEP @ n-n Al EAEH &7 VL840 van der Waals /ORI R MBIE | — 7 TT LS VBN
£ FEP TiX7 /L8O van der Waals /123 XELHI THDHZ LD -T2, il v C CuAAC 128
STED TBHIZT VX NVEHE D% FEP 28 AL, 7VX/VEHEDN 12 %4 FEP O o A
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B 7 ET VX IVEED van der Waals JJOFARZGN FAZ LTI TAX—ZTERLL . A4 HDH
FEPEDHEIN B2 TAA U BENE | IEEM OIERTEICL > TAA R E IS KU B A3 N
L. A4 AREVEDR ] ETHZEEBHONTLT, 3

5-3. B2

ARFFE IR, IEBMAIERIEL, 22050 F A AAERIZE > THERET 5 FEP & AEM &L T
WO TEATAHZET 1754 (+24.5) mS em! LB WA AREVEZ S L=, L L7235, FEP O
TIVHVLEEMER T LL e EANTHEIT T 50,000 BEEILL EoZ2EMER RO NS, 4 IR\ T LA
V2 EVEDIRRIL, ZE MR EREE D T T AR L LD T L VKR P CHERRIRAED
FFCERhoTc, b UITEREZ T TIRlE# s R 23120 Tide< AHIMBUS B3 EZ>TLES T
Dl EEZ LD, LIz T, ZEMER _ EDOT-0OIZF N — AR~ —DE 22 E PR _Eizd-
THERBOZLENER b TS ZME+ 25578 FEP DR B AR AR E 2150
S REBBEZ M T 20ER DD,

- @ ESHOBR L ENER
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10894

PFBr
R = C¢Hy,Br, R" = CgHy;
Scheme 5-1. Synthesis of the polyfluorene-based polymer with bromo terminated alkyl chain. Taken

from ref®

* FEP ~D AKEEF A

TNV EVEE ] ESEDT T r—F LU T, REEK R A 2T 505 & BRI BOKMED B 28
AT HZETIUREFE NS | REZBEZME T2 FEN OO TWD, K FONTF A
CFEOT VAL EVERHMEY (Figure 5-1), imidazolium BR D /R 3 _FICE HAILANE A XL TV
V> imidazolium FED 7 /L HVMPEILE LR E BT iET 5, 2D —T57, C2 [ C4 LB LW
C5 PLIZEHAILAE A L7- imidazolium FH|XZ DNAREE |2 K-> TLEMN A L, ammonium
RDOHF A LRI _RE W EEE RS, 0

4 FETIRATZEY, FEP L OZEFRICHERE L RFEN OH ITREK SN IR D, LIz -
T, ED I EHIEZENT D50 L T SRR E OB RS BSIIH S T v
AV EMENIE B9 5EFHEND, Fi/e FEP OF A L LT Figure 5-2 |2 2 -OD FEP %4
%3%, Figure 5-2 (a) @ FEP &/~ — |39 CIZH IR HESL S CRY , bl e i A
Lo TREGr T~ DBRIERIN ATRE TP D, ' 20 FEP ORIBRIA TH L BAER AT pyridinium 8 £
DIZ 6 DB FERNDHD, MEER LU I MO A THEATL . K P OB TR S BB IR
Figure 5-2 (a) CHUSIHF LT 5, SHICZORE TRUSFERINVE IR O B a4
D72 | m-n AZyF T ICED—IRITCD AT LT —EELTERET | ZRmIABERES D, D7
DIERDRIT /VH/V FEP DI EREEZTER LN 1 D5, £7- Figure 5-2 (b) O
FEP &/~ —5& AR EE DS HENL S TORNE DD | fEKD FEP &/~ —0 n FE IR TS
I THDHID D@ MEIZL S THNT tn AZ X 78> TEESEEZ B TED,

109



ZD XA 777 FEP ‘B HIZL5 FEP Db DD ENER . BL OB ZZ EMOE\ O E ST
FEHA~DE AN K> TERIKREED L EMER _EIZL-T, 50,000 B LL DTV HY) 2 &M%
B EALISGEST QUK SLER D,

100% ¢ 5 B
NP\ —
e ° k.
90% 1 E T & & 87%
° ° o 3d
80% - i
a i |
2 | O
o — 700/ - —
s ’ . R )\<Ph
€ 4d
©  60% T
o L] [ ]
g [ Br
2 50% 1 o \jﬂN’ e
A N—
8 PY [x//, L\\/
S 40% 36% 2b
e @
(0] =
o 30% ° ;. :BE
SR
20% 1 @ 1
° 11%
o/ L]
10% B
< <1% NPy —
0% . * * * * * lssy
0 5 10 15 20 25 30 2a
Time (days)

Figure 5-1. Stability of C4,5-substituted imidazolium cations (0.05 M) in 1 M KOH/CD3OH at 80 °C.

Taken from ref®

v Synthetic route was reported

v No columnar 11— stacking due
to strongly distorted structure

® v Possibility to form one-dimensional

Fép g “@ structure due to high planarity

v Synthetic route was not reported

New design FEP

Figure 5-2. New design FEPs to increase alkaline stability by additional steric shielding.
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