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Figure 1-1 Typical conducting polymers.
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Figure 1-2 The structure of the solid-type dye sensitized solar cell.
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Figure 1-3 Schematic diagram of the electrochemical copolymerization.
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(a) (b)

Electrolyte /" Electrolyte

— Monomer (~1 M)

— Monomer
— Solvent (Neat and highly
— Supporting electrolyte concentrated conditions)
— Solvent

— Supporting electrolyte

Figure 1-4 Schematic diagram of (a) the conventional electrolyte solution and (b) the neat

and highly concentrated monomer solution.
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in a conventional in a highly concentrated

monomer solution monomer solution
S = . Monomer o offow o
o : CesCe

o " ‘_ Conducting
polymer e
(Black color) .-

electrode ¢ :
(Gray color) JSS

Partial Formation of Uniform Conducting
Conducting Polymer Polymer Formation

Figure 1-5 Electrochemical polymerization using the carbon felt in the conventional and

highly concentrated monomer solutions.

Porous carbon (pore size: 1, 10 um)

Electrolyte
~Cross sectional view~ -
— Pyrrole (0.7 vol.%
R002Cb T002Eb-S 30 vol.%. Neat)
— Acetonitrile

— 1.0 M BuyNBF,

Pt mesh

—EinEHrA e
h— %L (RO02CH, TO02Eb-S)

Figure 1-6 Electrochemical polymerization using the porous carbon electrode (1, 10 um)

in conventional, highly, and neat concentrated monomer solutions.
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Figure 1-7 Electrochemical copolymerization of EDOT and benzene in lowly

concentrated EDOT and highly concentrated benzene solution.
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Figure 2-1 Schematic diagram of the electrochemical polymerization process in the

Solvent

electrolyte solution containing monomer, solvent, and supporting electrolyte.

19



WIFFEEE Clx RO R & R T 2 72 D I MR & AR 2B & LT
BRI ARZ B A T 0 7 & L TCHIHT 2 EMEAIEICONVTHE L TWD, ¥
BIX =B L MHIN DK, #KHH, BEHOFAEREL &2, 2 6WE O =fBI3IE
EEENITEAF L CENENDOFEREE & D0, 2 —EDIRERPE %
Mz 5 LB E 2225, 2 ORBEESIRRIIEE & RO R ORI E &
ALTWDZ ERMBNTEY | KURICICHTT 2 @V IEBE 2 R d, 4=
(TR FEARIED N U 7 vdma A 2 2RI LT AE EERHLNENIC

v —ThHdHTA7 =+ 5 2 LI ko THIALNERIC E TH— 7R
VFA 7 2 UIEERRT D Z IR LT D 16 L Lan s, BEG Rz
AT D701, R REE AR T2 2 & @mRSESRG N CEMT 5
ZEMMELRRY . R FIEITIIRVIIK WD EEZIBND,

20



214, =— b (ERER) EMK

=— MR/ K LT WETHDHE ) v —DhE SRR, B AR
WD EThbH, BRALFONE CIHEFFEMRE L KEDET ) ~—Dh kG
Wil =— FE /) =R EFFA TN D, LINLARR L, =— M/ ~— ik %
BIEEAICHE LB £ TICRZ T bk, 8l B ESICKIE
FT=— B/ v —RKROEBIRMHAOEETH D, —FH THRAEBRIZEIT S
AHEEME RO RIT —TMEG N D 5, Wil EOIXEEERICB N T T v R
& 725 EtNF-nHF (n = 3~5) X° EuNF-nHF (n = 3~5) OA F ik % v AR
ICEMOEM T v FAOCRIEZRETND W8, gk e LT h=FU v
BAT 4 TIZHWEMR T v FOHEFIZEM A~ T D AERBEICER T 5
NROETRT B M7 I Mg SR ZITREDRENH 7o, Tk LT,
YRR T D EM 7 v AL LR OME R Z T 57217 T, ZhvE
THREEE SN TELBR=—T L, 77 b SHIRE OB — R — NEDE
RRBLRL A D 7 v FALEZ BILR TH L Z LI LTV D, ZHUEEE
BRIZ X0 BISOSMNH S dv, BREPMEENICSOST 2720 Th D, £, B
R DML O T LR O BB ERE S TH L Z L b IERTREATH
Do FREOD KO IS TIZR T 2 EMARUIER . RS2 A L, RO E
R AR Lict LI RE S B DR EZF D, 2070, BT OFF
RZ2NENLTEE R D ERTFEDOHEN SN D,

21



2.15. == FPROEREE /) ~—RERP COEBMEGIEI L2 ZHLERE~D

BES
BIRIERRME TSR 2 EMESEOBEISHIIHETH L, LNLeRb, %

LEREREZERE T HEMESIEICB W CEM EICY— 28 Em sy %215
LI, =— M/ v—BROFHAPEN THL EEZX BND, 1ERAVWL
REE ) —REN 1M EEE COEMEARRIZBW L, EMES
FRCEBL DT ) ~— BN HESND 2L TE/ ~—DIEERAE T 5, i
IZxtLC, =— hE/ ~—RIEPTILE /) ~—HEICLDBREDNENE T2
72, B v —IEEEIIER SN Nb DL EX BND, DD, ZHEEE
B E WG ETH, ZHAEREMLNTICE CHat  ~—HaniTh
NobDOLEEZHILD (Figure2-2) o fik e LT, ZAEEMBMANTICED £
TH— B EBMERE Y TSR SN D Z E NSNS, HiC, Ak L7 @R
TRz AV P E T 2 & R B AR T2 2 & b, Wi
JEE WSR2 5 CEMBEAZFEMTELZ LB RERAV Yy FEWNZ D,

Porous

electrode polymer

2dd g

Electro-
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Figure 2-2 Schematic diagram of the electrochemical polymerization process in neat and

highly concentrated monomer solution.
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Electrolyte

Carbon felt
5X5X5mm’

— Acetonitrile
- 1.0M BU4NBF4

Pt mesh

\/

Electropolymerization
E=1.0vs. Fe/Fc¢*

Charge Wd, 10C

Observation
by SEM

Carbon felt
after the electropolymerization

Figure 2-3 Experimental procedure for electrochemical polymerization and SEM

observation.
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(Figure 2-4) .

F
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(P um) Electrolyte
~Cross sectional view~ / ) r
— Pyrrole (0.7 vol.%,
RO02Cb 30 vol.%, Neat)
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— 1.0 M Bu,NBF,

“....._.....  Ptmesh

w4
-

Electrop Iy erization
vs. Fe/Fe*
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SEmEgR SR
H—R2 £ 74K (RO02Ch, TO02Eb-8)

o~
Twww

Figure 2-4 Experimental procedure for electrochemical polymerization and SEM and

EDX observation
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Figure 2-5 The chemical structure of supporting electrolyte: (a) lithium perchlorate, (b)
sodium perchlorate, (c) tetrabutylammonium perchlorate, (d) tetrabutylammonium

tetrafluoroborate.
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Figure 2-6 Linear sweep voltammograms of neat pyrrole solutions containing (a)

BusNCl1O; and (b) BusNBF4. The scan rate was 0.1 Vs,
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(Figure 2-7) .

0.1 M

0.3 M

0.6 M

1.0M

Figure 2-7 SEM images of polypyrrole obtained after linear sweep voltammetry
measurement in neat pyrrole solutions containing 0.1, 0.3, 0.6, 1.0 M (a) BusNCIO4 and

(b) BusNBF4.
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Figure 2-8 Schematic diagram of (a) nucleation process and (b) grain growth process.
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Inside Outside

Figure 2-9 SEM images of the carbon fibers outside and inside the carbon felt electrodes
after electrochemical polymerization of pyrrole at 1.0V vs. F¢/Fc¢* in neat pyrrole solution

containing 1.0 M BusNBF; at 25 °C.

38



233, FRFHETICBTH2=— a2 —LERPTOI—R 7 /b b ~Dff
Z R Y MO

FREOFER A E A | IEFERE O - fRRE R 72 O FIRSE T (750)
ICBWTCRIBEDFERE FEhi L7-  (Figure2-10) , £72. HlEBR & L CHIESME
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Inside Outside

Figure 2-10 SEM images of the carbon fibers outside and inside the carbon felt electrodes
after electrochemical polymerization of pyrrole at 1.0 V vs. F¢/Fc' in neat pyrrole solution

containing 1.0 M BusNBF4 at 75 °C.
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Inside Outside

Figure 2-11 SEM images of the carbon fibers outside and inside the carbon felt electrodes
after electrochemical polymerization of pyrrole at 1.0 V vs. F¢/Fc' in 0.7 vol% (0.1 M)

pyrrole containing 1.0 M BusNBF4/acetonitrile solution at 75 °C.
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Figure 2-12 Linear sweep voltammograms for the oxidation of pyrrole monomer at FTO

electrode in 0.7 (0.1 M), 10 (1.4 M), 30 (4.3 M), 50 vol.% (7.2 M) and neat pyrrole.
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Figure 2-13 SEM images of the carbon fibers outside and inside the carbon felt electrodes
after electrochemical polymerization of pyrrole at 1.0V vs. F¢/Fc¢™in 0.7 (0.1 M), 10 (1.4

M), 30 (4.3 M), and 50 vol.% (7.2 M) solution containing 1.0 M BusNBF4 at 25 °C.
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FTAFA My bO x §ITEERET AR, =— FEr— L EROEGUE
TN T O r —/LER & L Tl b REWEREIZ R Lz, Zhicx L
T, B LTT7E b= MY VZIRINT 2 2 &1C & o THIRIRPUIE R = < @i
Lie HIZ, X0 Z< DT b= hVAZEINT DI o0 TERIEHUIED LT,
ZAUET ' F= R UL OBIMEREER T DI04 TEMR T O SR EME O
BENMES L, BIUEDR TR ->72bDEFE X HNS,

Figure 2-15 132N ENDEMRIE T CEMER % Fht L 7-BROBME LD
BMAKTH D, BHINTELRES (BEZ IMUT) ZBWTEMRES L
Fhii L7=%6 (Figure 2-15a) . BAEEASAIHNZEMELEOE /) ~— LS 1,
RN~ —%ER T 22 TE/v—PNHESND, KRIC, EBTFETITE
) —OHEBICLDBREARNELCTWHWD 2 EnD, T/ =Rz X ) A
V7 EIRE OGS D, ZORIS, NV BIFEEN OGS NDE ) v —
B I b TV MR I BV TBJEIICE A ST L, RIRR MR S D, #ER
ELCEAVERAROBMEE CONHMEMNICAR D, —FH, =— hE/ ~—1&iK
HCIE (Figure2-15b) | &/ v —RENWEI &L o> TV AT, HIZE /v —N0
I ENTD Z LT D, L LR, XEBME O - REES T 53
% 7o DB S T ey, BUS, FINE LD BALIC AT B4 T, it
MR HRE U7 b b R TOR Y ~—RBMBEALIC e 5, FER & LT, ZHLE
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FRM LN~ DO EENEE S T OBUIREEC 22 5, ZHusxh LT, MRtz
TN U 7= BT ) ~—I81E Clx (Figure2-15¢) | &/ ~—RE @R & 72> T
WHT2H E v —IHEBEZ o THYFICEMITECIE 07 ) ~—DMEAE
LTW5, RIRHT, SCRFEME OV - Bt S RIFTH D 2 Lnb | 40 b dEi
BANCRBNWTH =T %, 2RI XY | EMEmICHO > TEH—IZR Y ~ =727
L, wo7oR Y ~—HHITE Z B 720, fERE LT, ZAUE MRS £
TH— IR E MR D FIERTER SN2 b D EEZ HILD,

fEo T, ZAUE I LN BRI 72 < S0 7 B B T2 TR 5 7
DITIEE /)~ — DORNRA IR Y EE & SR EME O fEREC X 28— 7223 o
NPHEETHLEWVWR D,
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Figure 2-14 Nyquist plots obtained by alternating-current impedance measurement in 0.7
(0.1 M), 10 (1.4 M), 30 (4.3 M), 50 vol.% (7.2 M) and neat pyrrole solution (25°C) at

OCP.
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Figure 2-15 Schematic diagrams of electrochemical process in (a) conventional
electrolytic solution, (b) neat monomer solution, (c) highly concentrated monomer

solution.
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2.3.7. SEM BEUZ X 5 I — K v ZAUEA~DOfF & B0 PO R

ZHERRITITI I =R 7 2V hO X S ilHERO b O~ A 78 A — |
NORMAEZ OB DETEIGITHIEY | ISHIND T /A AT L% UE
EEPAWEND, 2072, ZHEEERDOTIFRLHILORE SITAFT L2 &
R BEEE D FIRA YRR 2 FENERESN D, AIEE THO TV
=R 72V MIREROEE~YA 7 v A — MRONILEEHET 5% ILE
EERTH L0, RFEEOPLHMEDRERICITE - TWRUY,

Z T, ARFEOPAMEZRET 572012 1 KO 10 pm OEFLEET D H
— R ZHEZHNT 0.7, 30 vol.%, =— hE'r—/LFRPZNEN TR LN
oY Ew— LD &A1Y M A 2 fUE B ARWT I O SEM BLE21 LV Flh L 72

(Figure2-16) .
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0.7 vol.%

30 vol.%

Neat

Figure 2-16 Cross sectional SEM images of 1 and 10 um porous carbon electrodes after
the electrochemical polymerization in 0.7, 30 vol% pyrrole in 1.0 M
BusNBF4/acetonitrile solutions and neat pyrrole solution containing in 1.0 M BusNBF4 at

25°C.
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Fhi L7285, 0.7 vol% K O =— F B0 — LIRIE P T LR Y B a— U
=R ZHIEOEREIEV G D LI L TELNT, R, 0.7 vol.% tB'H
— VBT TR ONERY Ea— T =— b —LERF TR bz O
& LT R0 B I S AL EM O KB EICHT H T DRk 03 ERR S 4T, kPR
Bz, 10pum OFALREZBT DI —HR L4k 2 AV =85E. 0.7 vol.% &k DN =—
T —URIEP TE LR Y B a— U — R SO E R
o TSN, EMEB K- 7R En— LEIBER I o T, 7.
30 vol.% B R — /WiERE W T256 T 1 KOV0 pm OW T O/MALREZ a7
D =R ZHAMRTHBBER M- 72R Y B r— VTR SN ho T,

ZAUT, BT )~ — ik L SRPEME O BRAT ISR X 2 BRSO
23N LTS 30 vol.% B v — Lz % 2 &2 Ko T b iALED
NS T pum OEFELE AT DI — AR LRI T EREID RSAY B
—IEN LN D EEX BND,
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238. EDXZHWiHE~ v B I X D —R U ZHRA~DOfF & B PEDFE
i

W T EBN B ES %D 10 pm OMFLEZ A T 5 B — 74 - ZFLIKWTIEH 2 EDX
WLV ER~v oy B 72T 2T, HoneRY e — L EOSAHIZDONT
i L7z (Figure 2-17) . AFEBR Tl T 248 ) B r—RII F—/" R & LT
BFEsMEAINTWD, £Z T, EDX LD mHE~ v B 7 TIE7 v EE KR

LTt &1t -7,

SEM image EDX image

0-7 VOl.% ;._i*:"“"-“.‘: 3 .\; v »

30 vol.%

Neat

Figure 2-17 Cross sectional SEM images of 10 um porous carbon electrodes and EDX
elemental mapping images of fluorine atoms into 10 pm porous carbon electrodes after
the electrochemical polymerization in 0.7, 30 vol% pyrrole in 1.0 M
BusNBF4/acetonitrile solutions and neat pyrrole solution containing in 1.0 M BusNBF4 at

25°C.
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ZORER, WThov e — U EkEHCTY 10 um OHIfLE BT D —HR
ZANRICBRER 2T 256 T, I—R 2 EREEERICbE>T7 v
FEoM SN, L L b, 0.7vol. %k N=— b &'a — LIFE & V=854
TiE, =R BRI HERIRIEE IR > T\ D 2 L SR S vz,

ZHITE ) v —OWEREDZ LWEMIK TH 5 0.7 vol.% Kk CNEIRIEHLO K
o= b — VR E AW TEGAITIE, 10 pum OMALEFH T 5 7 —R 4L

HRIZKH L TEH IR e — B e 55 Z ENEEECHDHZ LA RL TS,
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Fo., EENMNEBEMEEHZD 1 pm OMILEHT 50 —A LUK KH %2 EDX
WXV B~ B T ERITH 2L TR B — LEO S IZ OV TR L 72
(Figure 2-18) , [F#RIC EDX IZ &L Hc#E~ vy B 7 TlE7 vR 2 L Toth&

177,

SEM image EDX image

0.7 vol.%

30 vol.%

Neat

Figure 2-18 Cross sectional SEM images of 1 um porous carbon electrodes and EDX
elemental mapping images of fluorine atoms into 1 um porous carbon electrodes after the
electrochemical polymerization in 0.7, 30 vol.% pyrrole in 1.0 M BusNBFs/acetonitrile

solutions and neat pyrrole solution containing in 1.0 M BusNBF;, at 25°C.
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ZOREF, 0.7 vol.% K N=— F &1 — /LEK % FW T 1 um OMAREET S
=R ZIRCERESG 2T 125 A 1. =R ZHEERE IO F -
T7 v RN ST, FriZ, 0.7vol.% Mk N=— F ' r— LiFKZ W55 T
X, =R ZHAEETE O FOE I 7 v RIXIFEA ERE SN o T, L
L7236, 30 vol.% B m—/LIEHKZ W56 Tk, ir 7 — R o ZfUA e
RIZbhT- > TH—IZ7 v EBIRE S,

INOORERIT, —EORIEER TH D 0.7vol.% B r—ViEKE W T-5E
TIEE /) ~—OWEBEN T TRV EE Lum OMAREFTHH—KR
ZHARNENC E TH— 2B MEE D FIREZ/RL5 2 LMD THNEETH L Z & %
ALTWD, £lo, =— P —ERE AW E T XFFEMRE OUE -
FRBEDS AT T D Z & OLEBMOIIRORREME L . WEIZE TH—R2R Y
Er— U ERGEONRNWI EER LTS, Thbb, ZAENMICE TH—72
HEMEE S TIEESF D T2DITIL IS BAF R MBS & BAT A 4 U584
e L EARIRORENEETHDL Z ENRHALNIT ST,

55



23.9. =R ZAKRNBORY ©r— VIO BEFISENZ L L&D HEOFE
i

BRI, W—RUZAENBORY B o — VO BRI L0 A XE Y M
RN L7z, BHEEE LR, EBAEMES & FE L%, h— RSk
DEMFMICHE LAY B — gty RX— =L o T L., &N
I OATER S TR Y ©a— UIEOERISE 2 € L7z (Figure 2-19)

EMESEMBZO 10 pm OMALEH T D —AR U ZHMARTIE, 0.7 vol.%, 30
vol.%, =— FEw—/WEKOWT IO EMIE 2 T b [FAFREE O BN E 25
Ll (Figure 2-19a) . ZAUZK LT, BAEESFERMEZO 1 um OMALEZHET D
T =R LTI, 0.7 vol.% B r— /LR Z AW TRY va— V257238
BOBWISEN R B/NEL, 30 vol% B r—LimEEHANTRY B o —LE%
BIGE D Kb REREISE %~ LT (Figure 2-19b)

Z DEFISENLT — R ZABNETIAAET HR Y B r— izt n LTHEH
NTVWDLEIRILETHY . I —ARUZIENTIZEBIT 2R Y BEr— Lo iHE
N L R DIZHONTREREIRICEZ T, #->7T, 0.7 vol.% v — /LK%
AWESGE, =R SRR ~DOR Y B a— VRO HEN R D72 < | 30
vol.% Er— WKk ERWTeGE . 1 —R U ZHENEA~DOR Y B a— VO

HENRHZ WD EDNFEFES N,
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Figure 2-19 Cyclic voltammograms of polypyrole/porous carbon electrodes with (a) 10
and (b) 1 um prepared in 0.1 M, 30 vol. %, and neat pyrrole solutions containing 1.0 M

BusNBF; at 25°C. Scan rate, 0.05 V s
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24. #5

ARETIE, =— FROERE s —ViERE W, ZAEBRBKTH LI —R
T2V RO =R ZHARA~DR Y ' r— VO E [E ) PEIZ OV TR 2
1T-7,

== bR WRREERKE LTHAT2 28Ik ThH—R 7 =L b
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Er—VRIRERWD Z LI Lo TEHEESEFETTHE I —A 7 =)L MHLERIC
FTfEEY B ARY B u— UIERNTERE SN,

feW T ZALEEEROPAEIZ OO TRFTT 272512 1 KOV 10 pm OFHFLER
AR DR LR B L & [E D PR A FE M L7, £ ORER. 30
vol.% B w— /WiEKREZRWD Z EIZ Lo T EEID B 7 —AR U ZALIENESIC
FTH IR ER— L EZERTE 52 BRI,

DX B AUE RIS — 8B E s FIEE R LGS, B/
— DRNREYR W E W% & STRFEME OMFHEC X2 A A MG Mo _EASENL L
TWOEMB AT D PO TEHETHDL Z LR LN ER ST,
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3.1.

=
il

3.1.1. EMLEHEE

BfRILE AR 2 MEULEOE ) ~— 0 TFICB W CEMRES & FEiiT 5

L EoTENENDE ) v —a=y MEBDARY ~— W6, LESAREZE
SALFCE L FIETH D, BONLEEAGRIIZNETNOE ) ~—ICHEKT
HARER) v —OHPENREEEET D2 LN EEEE S T OMREDT 2 —
=W LI LIRSS, Bl iE, Xu HITEMIEEASEICLY 34-
ethylenedioxythiophene (EDOT) & A > K—/L & OILEAKRDOIERIZAKL) L TR
V. IKOENT 1 P —REXUBELCBZERICBNTENETNDE ) v —
(CHRT HRERY ~—OPRIRMEZ RS Z L2 LN LTS |, Fiz,
Zhang © & [RERIC EDOT & B L OHEAEROIERIZHKS LTV, HLEAK
ETHZ LIk TEEENTFRAET LI LY brru vy JREDF 2 —
=TT LTV D 2, BUT, BARILEGIEIIFE 4 OEEM S S T RHED T 2
—= VT EARBICT AENTEFIETHDL E VR D, L LN, EBfILERE
(&> THREAGEREERT 272DITFESEDLE ) v~ —DUGME, BIHES
BALDNUT VIR H Y | O NHEPIZIZRA R & 5, #il 21X, §ib L7z EDOT
EA LV R=VOBEGENMDEFTIZE AL, EDOT & L DOEABENNDE
X01IVUTTH D, 2L ICEMILESIEIC L > THEME ST OILEESK
ERLGG. AT/ v —MOESBMATVRLER S Y | EMRIEESIENEIE T
ERARAS G} (R RE ¥ ok in E e QA AN
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3.1.2. EMLEEAIEIC OV TORITHI

ADd L7z X 5 ICEMIL EASEITLES R HEICE BN FETH L —H.
—RICEAENMNDOENE /)~ =IO LT D 2 ENTERY, L
L2236, ZORBEICKT 2 HFE b IRE STV 5D,

Bz X, =7 v{bR U FE—=—7 LEEK (BFEE) & FIH Lo Bt EAEN
FDOOEDTHDH, =7 MERTRIINA ABETHDL 2 b, BEHEKEE ) ~v—
CHEHT2ZLICLoTE/ ~v—OMLEMAIR T I L20R PN TND

o TDTD, —RINCIEFICERLEM AR < BEAETH DT ) v —IZR LT
FHShDERZN Y, ZORZFIH L CBLEM A TBEN =T /) ~—[F+
DOIEARDOVERNR N i STV 5, Yijie 2513 BFEE H CHEMILES 22D
ZLIZEoTH 0.5 VI ERMILEM D BEN TV D EDOT &7 4 Lo DILEE
ROIERIZREI LTS 3, L L72235, BFEE X&YW TH VIR AL
V=7 IA N —OBENBHERT L EEGE LI RVWETHD S,

UK LT, BHEORWIEZ WD Z L2 AE /) ~— RO S DE

WEIRFEEDILRIC L D KT 5 FIEBHE SN TWD, ZOHEICE Y F/M
LIIEEMS 1V IZEHRL WA Er— L L T4 T = OILEGIROVERL
I L TWD T, 51201 M F4 7= (1.6 Vvs. SCE) IZxF L THR{LENL
DRV E T —/L (0.6 V vs. SCE) % 2 mM & FEFH IARIEE IS U= EBARR A L
TW5, ZHICEVIREEICEEND o — U TEBMES OBIZIEEEE & 72
D, FAT7 2 OEELY BEL L THEIT LAWK S REAEREAMHEL TV
20
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3.1.3. AEOMHE

BRI ESIEICB W TS RTICHAIET 28/ ~ — O OSPEIT IR I EE R
Tr A —D—DThb, ZIUL FE// ~—HORIGHENRE L 8725 & Kk
MOENE )~ —DOEBMELSOLNDESR, FRERY ~—0NELNTLE S RE
WELDIZOTH D, FATHIIEIZB N T, M O IIRLEMNOERNE ) ~— &K
IS E EETEREZRAT 2 2 10X o> TREEMAK 1V AIZEREL T
HE ) < —EOLEAROIERITE LT\ D, AFETIE, BRIESEO T2
HiEISHEPATERZ B L, miREOE ) ~— &M b CTHICERALER )
TRt E ) v —ROEMLEESEREZG L B EITo T,

®Q
@@@@@@
oM o
Q%@

Copolymer

Figure 3-1 Electrochemical copolymerization of monomers with oxidation potentials that

are significantly different from each other.
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AREEDERIKIZ DU T Figure 3-1 12739, AMFIEITRBLEMN O EWE ) ~—%
EHRE L L, BILEMORNE ) v — 2 RRE L LERRP CEMILES %
Ehid D Z L CHEOLEGEKREGD Z LEHRE Lz,

AREFFETIE, 2O X REMFHDO S & BRET ) ~—ZAA DI EiF
KR CTOBMIEEGIEICL Y EBAEREERT L2 2R R, HONEAK
W2k L CRE A2 ORIEIERIC X0 R 21T - 72,
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3.2, EBR L OVERERE

32.1. MEE
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» 7= U BRI O R
[Raffinity-1 #RA S S EEAERT

- B BC BERG AR AL AE

600 MHz Bruker Avance Il Bruker Co.
- DU PR

1116SLD #halth  HREBERT

c LT o — ) REE

LT-8100 RAZtEF—x R

- TARLF B X BT E
Genesis XM2 EDAX Inc.
SO O EE R

UV-1800 BRA s tt B A ERT

NEG #WR b v~ H-15 mAHbIE RSt
NEG #BE =o—V v 7 P24 HEMHLE RS

66



3.2.2. K
AREIZBWTHW R EOBREE A2 DL T IOR T, X CORIKILAMLEEZ1T 9
e, BALELDEEDOFEEH W,

D) e
3 4-ethylenedioxythiophene (EDOT)  ##7 KERM b Fik XS4t

Nty BEREE

- RFEARE

TRITFNAT =T LT T 704 R L — b (BuNBFs) Ftfbpk T
Rkt

- TR

T k= kUL (Bik) BIE[LY

3.2.3. EDOT &R P OHBEAEKDOARK

1.0 M BuNBFs, SmMEDOT X U'SM Er—La2&t7 v b=V WRKE
EffR L U CEBMNEMREAEEFEMR L, TEMEMREASIT, 3 BMRICTT
STz, YERAMRIZIE, A ¥ K—7 A X (Indium doped tin oxide, ITO) &A% =
—T 4 T ENTZEENES T AEM (11 cm?) HAVIEALSR (1x1 cm?) % |
RARIZITHAS A v v 2 (3.5%2.5 cm?, 80 mesh)% | SMRIRIZIL Ag/Ag R % H
Wz, FIIIRFEAZIZ 1.9, 2.1, 23 Vs . Ag/Ag e L, 25CIZBWT 03 HDHW0NE1C
WE Lz, iSRS LT 1.0 M BuNBFs & 5 mM EDOT H5WE5M B a—
NEZLENZENDT & b=k U AEEREZ T EDOT MO B o OEffE
BrFEL, RER) ~—ZA LIz, EE%, B ELICGEoNEGRIETT &
F=FUMZEVBEE L, RRFICBW TS,
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324, V=T AL —THRAE AR —HIE (LSV)

1.0 MBwNBFs &% 1, 5, 10, 100mMEDOT/7 & b= bk U /WAEKR &L O 1.0 M
BwNBFs &30 0.1, 1, 3, 5SM XUEB /7% b= bV WRIRE L & BEfRIK
LT =T AA =T ANZ AN —lEZFE R LT, V=T AL —TRIL
oA MY —=IE 3 EMRICTHT o7, EHAMBIZIE, A YT LARF—F AKX
(Indium doped tin oxide, ITO) &N 2 —F ¢ 7 I EEMET 7 XA EMm (1x1
cem?) &, FBIZITASA v 2 (3.5%x2.5ecm?, 80mesh)x . SMRIZIE Ag/Ag?

B A =, IR 25C, el EEIX S omVs! & Lz,

325, 7— U = EHGRANICRIE (FTIR)

AHE TIL+5 & D poly(3,4-ethylenedioxythiophene) (PEDOT) , R U 7 ==L
¥ (PP) e b NZHEAKEDOY TN EHELHT-HIZHERS 1.0 Com? [TIERE L
CTEBNMBEMES 2.1 Vs AgAgh) ZFE Lz, SOz 7N aEm

SHEIVELY . Bk 7 L& KBr $8AEIC L VW FTIR @ %2 Fhi L 7=,

3.2.6. [E{A BC BREA L FTIR #IE (NMR)

APETIE D EOHEEBAEROY T EHL -0, (EAEME LTk
RO DK X 72 ITO HEM (1.5X8.0 cm?) Z AW T EBMEMES 2.1 V s
Ag/Agt, 1.0Cem™) %3 L7z, BMEAIMEZ., HONTEEEIT =1
UMCE DL, 1.0 M BuNBFs 25807 & b= h U /LHIZEBNT-1.0 V vs.
Ag/Ag DENLT 30 I F—7 LT, Dk, HEEZ7® h=F U MIZXD
P L, KRR F OB S W72, O mAEBm L SHI0 Y | ko
TNV EIR BCNMR JIE Lz, o7 Mdy b a =7 NMR 0 —4%— (9p=4.0

mm) [ZFRE L7z, 7o BC H— LRl —~ ¥ v 7 #lalfE (SPE-MAS)
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NMR A7 FLid MAS [E#5E % 10.0 kHz THIE L7-, BC A%y 7 Midsth
IR LT U RO IR X VLR EDIE S 176.03 ppm (TMS 0

ppm) ZFREHEIZ L TITo 7,

3.2.7. BRUREEOWE

WUsin-¥£12 85 W PEDOT, PP, JLEEIRD T U —RA X R LIRHUE R % H
EL (1) XEVEXEEE o [Sem!] 2R L7z, #, BEED[em] (ZL—%—
T =T ABAMEHNC Z U HE L, Lidss -RIEERE [cm] . WIS 7R (=
BEARME) [cm] Z R~ 9, AP E TIL+ 4 & D poly(3,4-ethylenedioxythiophene)
(PEDOT) . AU 7 ==L (PP) ., HEAEKDOY L TNV EBLI-DIZHERES
1.0 C ecm? (ZIER U CEBNMEBMES 2.1 V vs. Ag/Agh) & FEhi L7, 1EFAMIC
X, HEMR (Ixlem?) % | XWIZITASA v > 2 (3.5%x2.5 cm?, 80 mesh) %,
PRI IE AgAg BME VW, BN EAIET AR D% T —7 (No.
515 HARETHRASAH) ICKVREEL, 7 U —R 2 FEZET,

T RxWxd (D

328. A7 Vw7 ARLE LAY —HIE

BAEENIC CEBNMNEMESIEMEL (1.9, 2.1, 23 Vs. Ag/Ag', 0.3Ccm?) |
BonzEAEREY A 7 v IRV E A N —EEZIToTz, VA7 U w7
RB AR =X, 3EWRIZTTo 72, MEAMICIE, EE%ROEARE CHlE
ENT-ITO EM A . RHRIZIL Pt A >~ 2 (3.5%2.5cm?, 80mesh) % . ZMHIC
% Ag/Ag B A Tz, HITEARRIE 1.0 M BusNBFEs KRR & L, 25°C TS5 L

7o FEAIEEIXSOmvs! & L7,
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32.9. T RAF—HE X HHT (EDX)
BB EAEN (1.9, 2.1, 2.3 Vvs. Ag/Agh) THOLNT-ELEEEKRDITLHEON %
EDX (2 &V FEfii L7z, RHETIEIHoEOILEAERDOY TNV 24557-0IZ1H

EEAE 1.0Cem? | TR L CEBNMNEMEARZF LT-, Bk, EMEIZES

=

NEEABEIXTE F= MU WXV HEE L, KRR IRV THIE% ., JIE 25
L7,

3.2.10. EAMAIHR S EIE (UV-Vis)

EENMEMELGERE, HFONCEGBEIITE =M LTI AL, 1.0
MBwWNBFs Z &% 7= b=~ U LEEIEH ., -1.0Vvs. Ag/Ag" DFENLIZ T 30 43R
R—7 L7z, EABIETE b= R ML E L, KRR T TS EE, 0
#%. 1TO HEMR EIZHTH L7z PEDOT X LB EGRD UV-Vis A7 ML a2 HIE L
7= —77. 1ITO EiZfF b7z PP BT E 72 HRICHE B UV-Vis A7 R LDl
ENNFETH 72, LLRA S, PP O UV-Vis A7 MVILIRNC#HE ST
WBHZEND, TNDDOT — % TR RKIE F K OIS O 4 2R
L7=8,
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3.3.

3.3.1.

LSV {

ZXDEAFKM OB

FPTEEDIT, BIEEED EDOT LR P o St EREPIc B VW TE ) ~—

fE k. LSV HIE % £

Jiti 7= (Figure 3-2)
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Figure 3-2 Linear sweep voltammograms recorded in (a) 1, 5, 10, 100 mM EDOT and (b)

0.1, 1, 3, 5 M benzene solutions. Experimental conditions: Working electrode, 1TO;

Counter electrode, Pt mesh; Reference electrode, Ag/Ag"; Solvent, Acetonitrile;

Supporting electrolyte, 1.0 M BusNBF4; Temperature, 25°C; Scan rate, 0.05 Vs
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LSV OfERL Y, WTFhOBE LT/ ~—ORLIZHRT 2 BRENISE S
7z. ¥£7z. EDOT, XU EBrWTFNOHE HIREDN &< R DHI2 O TEFRMEILR
XL rol, WHINDRE THSH 0.1 M TiX EDOT O4 & v NEMIFY
0.85Vvs. Ag/Ag" R B DAty NEMDPKI2.1 Vs AglAg L 72> TED |
1V UL ESBALEMASBENTWD Z bbb, B, MF XA EDOET VE
Jw—LLTHIGLWbDLEZBND, 72720, 1mMEDOT iR & V7245
A2, MR EIZ EDOT H3ED poly(3,4-ethylenedioxythiphene) (PEDOT) D#
AR T H T ENTERPoTe, DD, LEESEROIERIZIHB W TE EDOT H
D=y MRERINBZNT LRSS, DBEOER CIXLEA K
YERRICEB VT 5 mM EDOT BTN 5 M RV o G ielfifik & L, EABAMIT 2.1

Vovs. Ag/Ag TR E L CEMILEAZ FEuT 5 Z LI LT,
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3.3.2. FTIR (2K D EGIROHIEIZET L HE,

T, 5 mM EDOT RN 5 M P r 28 e ERik a2 v, BEAEME 2.1
Vs Ag/Ag IZRRE L T ITO Ehn EICHEGIRDTER &2 ik I To, TERE D EA
Yo7 VIE KBr SEANEIZ LV FTIR 434 L7z, F72, ik & LT 5mM EDOT
WiRDHDWIE 5 M XU Urmika v, ST 5 8ERY ~—0 PEDOT KT
R 7xz=1Lr (PP) ZEBMES 2.1Vvs.AgAg) XV AKL, ThTh
® FTIR A7 MZRE LT, 612, AERY v—& LTHLA PEDOT
KOVPP ZHEN 1:1 ODEIETRE LI HDIZONTYH FTIR A7 ML EHIE

L7z (Figure 3-3) ,

PEDOT  —PP Mixture Copolymer

=
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Figure 3-3 FT-IR spectra of PEDOT, PP, a mixture of PEDOT and PP (1:1 wt.%), and the copolymer.
Experimental conditions: Working electrode, ITO; Counter electrode, Pt mesh; Reference electrode,
Ag/Ag"; Solvent, Acetonitrile; Supporting electrolyte, 1.0 M BusNBF4; Polymerization potential, 2.1

V; Charge passed, 1.0 C; Temperature, 25°C.
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ZOFER, SmMEDOT IEIR & NS M RUB U IRIR & Bk L LT bh-%
NENLDRERY v—0D IR A7 MUIINETIZHRESINTWD Lo 7
PEDOT K& TF PP @ FTIR A7 FLZIFE—H L TWDH Z &R I LT,
PEDOT D A7 FLEWT, 1513, 1322, 1195ecm! O E— 27 3F 47 = VB D
C=C. C-C OHfFREENC, 1145, 1085, 980 cm™ (X EDOT Bt C-O-C K} C-S-C
OIFEIRENC KT D 2% PP DAY RLIZEWT 1480, 1403 cm! OB —2
[IRE VRO C-C OBRMMFEENC, 1030 cm™ O E— 27X C-H mNEAIRE)
(2. 800 cm™ D v — 7 X C-H EAVEAIREICH KT 5 19,

PEDOT KON PP DAY hL &g LC, PEDOT & PP & ZWEEfICiRA L
e TN DARY WViE, PP & PEDOT DAY hLEELAEDETL O 22
BIEFRREB G LN, —FH, HEAICL VB ONTEAERD AT FUERND
EDOT H25W IR EBrDa=y FadheR ) ~—#HBHFEL TWD 2 LIk
Sz, PEDOT & PP & OWBLREIRD AR ML LT, LEA
WCRVBONTEEHGED AR FUE, =B 70— RIZRoTnDZEN
binol, Zhvb7r— R — 27 [ XTEGEREPITFET 5 EDOT LB
D=y MHOZTFRMEENIERT 5 Z L3RR IS5, 77805, 5mM
EDOT MU 5 M N B U 2B EMfR 2NN TRONTEESKRIZLEGILATH
LbDEEZBND,
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3.3.3. NMR 2 X 2 HEAROHESE BT 2 st
5 mM EDOT KON 5 M XU B U 2 GLRKRF TELILZAR Y ~—2nLEEK
THHPENE S HIZHHFTT 272912, [EiR BC NMR (2 X 2 HE %2 i L 7=

(Figure 3-4) ,

L T T

150 100 50 0

"3C Chemical Shift [ppm]

Figure 3-4 Solid state '3C NMR spectrum of the copolymer between EDOT and benzene.
Experimental conditions: Working electrode, ITO; Counter electrode, Pt mesh; Reference electrode,
Ag/Ag"; Solvent, Acetonitrile; Supporting electrolyte, 1.0 M BusNBF4; Polymerization potential, 2.1

V; Charge passed, 1.0 C; Temperature, 25°C.
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FORER, AT FAHIZIEEE LT66, 110, 120, 125, 137ppm @D 5 DD
=7 MRS, E5I2 137 ppm DE— 21T 2 DO E— 7 NER > T,
66, 110, 137ppm D' — 7 [F EDOT ==y MIHRKTLHHLDTH Y, 66 ppm I
EDOT = =v h®OxT—7 /LREIZ, 110, 137 ppm X EDOT == kD HEEFHRK
FRIFESIND, —FH, 125, 137 ppm 1IN EBr o=y NOBEFHRKRFBITIFIE
SNbH, 2R LT, 120ppm D E— 7 L EDOT == X Bra=v |
DEIDOFEGZRTE—T ThdH I LEZ B D, ChemBioDraw Ultra 12.0 |2 X
(X, 2D 120 ppm OE—Z [FRUBUBRICHEGT DT A7 = VRO o IRFEITIF
BENDZ LMD, SmMMEDOT (X 5SM XU ¥ v & &teBHIER T TH LR
J~—IZIZ EDOT =y RO P ra=y FBEEL, EHiZENbHD
=y MHIZHEEDPFEL TS Z EbHLNE o7, DE D BONTEEAK
X EDOT & BUMHRLILEGERTHL Z L BHLMNE ST,
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3.34. WEGIEIC X 2 WE A

BT, EAEN 2.1 Vvs. Ag/AgIZEHB W TH: HAL72 PEDOT, PP 72 6 N ILE
BEEROT7 Y =A% NEZ W FEICZ VBRPUELZIE L, £ ZE ORI
Ko ERICEEZHH L7z (Table 3-1),

ZOfER, LEAKROBLLEE T PEDOT OEXUSEE L HK<, PP O
BRAEE L REWELZ R L., 2F 0 | LEAKROEXSEEIL PEDOT & PP
OHEMEERTZERHA LN o7, £, EAGEROESBEEILLY
PEDOT DEXUSEEIZTVMEZ R L2 b, EAKREPIITEY ZD

EDOT = FREGENTWNDH Z EREBINT,

Table 3-1 Electrical conductivity of PEDOT, PP, and copolymer films

-1
Conductivity / S cm

PEDOT 46.9
PP 0.27
Copolymer 36.9
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335 A7V vy IR E AN —IZ R DESILFAVREE DT

WA, EAEN 2.1 Vvs. AgAg TV T ITO EAR_ 1215 5 7= PEDOT, PP,
LEAKR, TENEEHEME L, 1L.0MBWNBF: 2517 & b=k U LA
T A7 Uy IRV E AN —HIEZ FES L7z (Figure 3-5) ,

1
—PEDOT
0.8
. PP
= 06
E’ Copolymer
£ 04 ~ /
";>.._\ l|
% 0.2 ﬁ
)
= 0 /
-t
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Potential / V vs. Ag/Ag"

Figure 3-5 Cyclic voltammograms of PEDOT, PP, and the corresponding copolymer.
Experimental conditions: Working electrode, ITO; Counter electrode, Pt mesh; Reference
electrode, Ag/Ag"; Solvent, Acetonitrile; Supporting electrolyte, 1.0 M BusNBFg;

Polymerization potential, 2.1 V; Charge passed, 0.3 C; Temperature, 25°C.
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WTHOT T IZENT S L Ry 7 ZREITH ST 2 BN E D3RS S 4L
72, PEDOT O L K 7 AIGEIZ-08 5 0.2 V ORNICENT-, —J., PP DS
TiE, 0.5 205 1.0 VORICENTZ, Zhicxf LT, {EESKDOL Ky 7 RAIHE
(X PEDOT & PP DRNIZHNTZ, & L, KFEIZ L VLN ZILEER) PEDOT
EXRVEBVORBERTH D72 5IE, PEDOT & PP IZXIGT 5 2 DD Ry 7 A
ICEMBN D RETHLN, EEIIT—xDO L Ry 7 XRENMELNTZ &)
5. AFEICE W ELNILESRIT PEDOT & PP ORAATIEZ2 <. EDOT
ERVEBUMNBRAERERTHLZ BT A7 vy IR E A N —HIE
NHbHEIES NI,
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33.6. L Ry 2 AREIZKIETTEHGENMNDOLE

5mM EDOT K TF 5 M N B 2@ iR THAEMZ 1.9, 2.1, 23 Vs
Ag/Ag &L ST ITO E BICHLEASRIRAFR L7z, Jl&EfiE, Zibdt
HA R EEMm A EAEME L, 1L0MBWNBF: 2587 & = kU LIRIET
THA 27V v 7HRNE AN —HIE % FEh L7 (Figure 3-6)
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Figure 3-6 Cyclic voltammograms of copolymers prepared in 5 mM EDOT and 5 M
benzene solution at 1.9, 2.1, 2.3 V vs. Ag/Ag". Experimental conditions: Working
electrode, ITO; Counter electrode, Pt mesh; Reference electrode, Ag/Ag"; Solvent,
Acetonitrile; Supporting electrolyte, 1.0 M BusNBF4; Charge passed, 0.3 C; Temperature,

25°C.
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ZORER, WTFhOLEAEF T CEBNTHLENLD L Ry 7 AGET
PEDOT & PP DL Ry 7 AREOMICHER SNz, £o, BEREMEZESTD
WCONTHESEDOL Ry 7 ARENREMICT 7 M52 L bR Sz, 2
ME R BERESEM TH O N LEASERE T OB oo
=y FPREAINEZEICERT 2D EEZ LD,
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3.3.7. EDXIZ LB ILEAEDILHESHT

AR L7 L 912, KV EWESEMZHN L THE Oz B ST
£ DR ra=y PREASN TS Z LR SN, £ 2T, BEAENM
1.9, 2.1, 23 Vvs. Ag/AgICHB W TR LN ILEARIZK LT EDX IZ L 5 e# 5
Wiz ki L, EDOT & X2 B Okt 2 320 L7- (Table 3-2) . M TcHRILiR
# (C) . W& (0) . Wiizh (S) & L. oot knoNrtra=y b
720 ® EDOT ==y MNMI&ERH L7z,

ZORER, EEBMPRELSRDIZONTKBZD Y 7 FANKEL 2D it s
FOBHDY T FNANNSL Ipodz, £o, EHLIEENOEAEMARE
HIZONTR B U OB RELS 2D Z LRSI,

WoT, FIMEELEMEEZ D Z LIC Lo THEAESEF O EDOT == v
MO B o=y NOMERLZEEHRD 2 & RS,

Table 3-2 EDX spectroscopy results for the copolymer samples

EDOT/benzene
C (%) 0 (%) S (%) o
ratio in polymer
19V 71.1 19.2 9.7 4.51
21V 74.0 17.4 8.6 2.30
23V 79.0 13.1 7.9 1.50
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3.3.8. JEFRYRRME O R

Ri%IC, EAEN 2.1 Vs Ag/Ag 1B W THE b7z PEDOT, PP, d:EAKZ
NEND UV-vis A7 MVIELZER L, F6NTANT MUZB T D n-n*
BEATHRT 2B RBIE R (Amax) ~ W (Ronset) 72 D N ZHL S DEH HF
HEns . ¥y v~ (BG)., HOMO, LUMO Dff % 7~9 (Table 3-3) ,

Z DfER, PEDOT O D & g LT, EEIRD hnax LT honset (T 7 L— 7
FLTEY, =, PPOLDOEHKTHEL Y RUYT FLTWDLZERRDH
iz, B HEAIRD hnax & O honset % PEDOT & PP O HIIZALE T 5 Z & A3
s S,

BT IO BGIETFRO (2) AU XK VAR L72 hanset DR L7 1,

1238.9
_ (2)

j’OI'ISCt

Mz T, HOMO ¥ FREd (3) AT LV Figure 3-5 (R T A4 > FEAL

(Eonsetox) ﬁ)g/ﬁﬂj L7z 11o

HOMO = '(Eonsetox + 496) (3)

£7-. LUMO ¥ IX T @) Rk vwEH LAY,

LUMO = HOMO + BG (4

£ RV ~—0 BG X PEDOT < HEASK < PPOIAEICKE L 20 FLEHAK

@ BG 1X PEDOT &} PP @ BG O F Oz~ LT, —EIC BG OfED KX
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WE BRI, BG OEA/NE W EBERLEEITELS 25, b,
Zh 6 BG DO A1d Table 3-1 [T T EXUREEOE A KRS 2 b D Ll oTz,
Bz, HEAAERDO HOMO, LUMO O#ENL X PEDOT & PP O % O & ORICA7E S
HZEBLHBMNERoT,

ZOXEIIT, RFEEZLVEONTESEROZFEDMEITZNETNORER
V~—OHMHEEEZ R L, HEAROARICE V FEDENRSICT 2 —=
YIREETH DL Z LRI,

Table 3-3 Absorption maximum (Amax) and onset (Aonset), band gap (B.G.), HOMO and
LUMO levels of PEDOT, the copolymer, and PP

Ao Aot B.G. HOMO LUMO
/nm /nm /eV' /v’ /eV'
PEDOT 507 677 1.83 -4.36 -2.55
Copolymer 467 636 1.95 -4.54 -2.61
d d
PP 436 480 2.58 -5.56 -2.98

£ = 1238.9 / Aonser

® HOMO = ~(Eonset®™ + 4.96)

¢ LUMO = HOMO + E,*!

d Reported in Macromol. Chem. Phys. 201, 809 (2000)
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34. HE

KRETIE, @iRENE Uik z v, EREEAIEIZEL D EDOT XU B
 OILEAIROIER ZRA T,

EIRILEA OB AT 5 EARIE & L CTEEEA DKy EDOT KR EIC
MALBM OB EEREICL, £/ v—HOREELZREITHI L
2K > TEALBN A K E < 725 EDOT KON B U MOELEAERBE LD
TR U, Fo, LEAEROMMIT EDOT =y MR E L Lo
TWLZEDRHALMNERoT, SHICEGEMEETETLZLIZE - TH2=
v MO EFIEIT S Z S HB LTz, 2, 57z EDOT &y EB v
26k A EAMRIE PEDOT & PP O FRIB 2 MM, ERASEE,

HOMO/LUMO % /~r3TZ ENRHL N E 72572,
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